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By Frank Wiggleswortii Clarke and Walter Calhoun Wheeler. 






INTRODUCTION. 

That many important rocks were once marine sediments and that animals and plants 
shared in their formation is one of the commonplaces of geology. Coralline limestones, shell lime- 
stones, and crinoidal limestones are among the most famihar illustrations of this statement. 
That corals and shells furnish calcium carbonate to the sediments, that radiolarians and diatoms 
are sihceous, and that vertebrate animals, some crustaceans, and a few brachiopods are more 
or less phosphatic are also well-known facts, which, however, have been determined in a more 
or less desultory way. No systematic investigation to ascertain just what substances each 
class of organisms contributes to the sediments seems to have been made, and the present 
research is an attempt to cover the ground a Uttle more thoroughly than it has been covered 
heretofore. Completeness is, of course, impossible, but something of a foundation for future 
work we have tried to lay. 

Although many analyses of corals and moUuscan shells are on record, some important 
groups of organisms have received only slight attention, and little has been done heretofore 
toward determining the composition of their tests or skeletons. The few published data, more- 
over, have been generally but not always incomplete in certain important particulars, especially 
with regard to the localities from which the specimens analyzed were obtained, the depth of 
water in which each creature Uved, and the temperature of its habitat. Even in our own work 
some of these details are lacking, but their great significance when known is strikingly evident 
in the study of such groups of animals as the echinoderms and alcyonarians. Furthermore, 
some of the older analyses are unsatisfactory for other reasons, for many of them were made 
to determine single facts, such, for instance, as the proportion of magnesium carbonate alone; 
and in others such important constituents as organic iliatter were not taken into account, an 
omission that is especially serious, for it renders the accurate comparison of the analyses with 
others impossible. In the shells of mollusks the proportion of organic matter is small, but in 
the echinoderms, alcyonarians, and phosphatic brachiopods it is relatively large, ranging from 10 
to even 40 per cent or more. This statement, however, must not be misconstrued; it refers, 
of course, only to the specimens, dried or alcoholic, which are actually analyzed. In order to 
compare the analyses, therefore, so as to determine the true composition of the inorganic shells 
or skeletons, the very variable amounts of organic matter must be rejected, and the remainders 
recalculated to 100 per cent. Relations then appear which are not recognizable wljien the crude 
unreduced analyses are compared. Any one of our tables of analyses will show this fact very 
clearly. 

In a strict sense completeness can not be claimed even for our analyses. Minor constituents 
which have been detected in shells, corals, and seaweeds, such as lead, copper, and manganese, 
have been ignored. They occur only in traces and have little or no significance with respect to 
the larger problem before us. What organisms tend to form limestones and what ones are notablj 
magnesian, phosphatic, or siUceous are the questions which we are attempting to answer. In most 
of the analyses Ume, magnesia, phosphoric oxide, sulphur trioxide, silica, and loss on ignition 
were determined. Alumina and oxide of iron were also considered and weighed together. The 
loss on ignition covered carbon dioxide, organic matter, and water. The carbon dioxide was calcu- 
lated to satisfy the bases, and the amoimt thus determined, subtracted from the total loss on 
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ignition, gave a fair but rtturii' estimate of organic matter pins water. From the crude analyses 
thus obtained the rediic^ or rational analyses, recalculated to 100 per cent, were computed. 
Those rational analyd^ are comparable, and give, closely enough, the essential composition of 
the material wii'dDT-goes to build up the limestones. More refined work would add little toward 
the solution of*our main problem and would require much tedious labor. In the following pages 
the dotMlo(J;|inalyses are given, group by group, together with some of the older published data. 
After. tffQ' evidence has been presented a general discussion of its significance will be in order. 
The analyses, except a few that are specified, were made by Mr. Wheeler. 



• • 






FORAMINIFERA. 



The Foraminifera, because of their enormous abimdance, are of great importance in the 
formation of marine sediments. The globigerina ooze, for example, covers 49,520,000 square 
miles of the ocean floor, at a depth of 1,996 fathoms, or 3,653 meters. The analyses of it pub- 
lished in the report of the (JhaUenger expedition on deep-sea deposits show that it consists 
mainly of calcium carbonate, with very Uttlo magnesia. Foraminifera are also abundant on 
"coral reefs,^' and great masses of limestone are composed largely of their remains. 

These organisms, however, are so small, rarely larger than the head of a pin, that it is not 
easy to obtain enough material of any one species for chemical analysis. The difficulty, fortu- 
nately, is not insuperable, and with the help of others we have been so fortunate as to obtain 
representative samples of seven species, as follows: 

1. Pulvinulinamenardii D'Orhigny. Albatross atAtlon 2573; latitude, 40® 34^ 18'^ N.; longitude, 66° 09^ W.; 
in line from Long Island Sound to Cape Sable; depth of water, 3,188 meters; bottom temperature, 3° C. 

2. Sphxrodina dehisctns Parker and Jones. East Coast of Mindanao, Philippine Islands; latitude, 8® 51''45'''' N., 
longitude, 126° 26^ b2'' E.; depth of water, 804 meters. 

3. Tinopoms baculatiis Carpenter. Murray Islands, Torres Strait, Australia. 

4. OrbitolUes maryinalis Lamarck. South of Tortugas, Fla., at depth of 29.3 meters. 

5. Orbiculina adunca Fichtel and Moll. Key West, Fla. 
G. Polytrema mineaccum Linn<^. Bahamas. 

7. Quinqueloculina auberiana D'Orbigny. Same locality as No. 4; analysis by A. A. Chambers. 

Analyses of Foraminifera. 



.— _i. 



SiOj. 14. 70 

(Al.FoA I 3. 81 

Mg<) 1.68 

CaO 41. 36 

PjO^ (?) 

Ignition 38. 12 



99 57 

CO, m^eded 34. 41 

Orgianic matter, etc 3. 71 



8.56 

4.76 

.82 

45.48 

(?) 
39.01 



98.62 

36.63 

2.38 



0.03 

.18 

5.03 

47.35 

.00 

46.57 



0.03 
.13 

4.93 
48.92 
Trace. 
45.20 



99.16 

42.74 

3.73 



99.48 

43.90 

1.30 



0.11 
.09 

4.64 
48.79 
Trace. 
45.56 



99.19 

43.43 

2.13 
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0.02 

5.09 
47.35 

(?) 
46.24 



98.70 

42.80 

3.44 



0.54 

4.32 
49.02 

45.54 



99.42 

43. 27 

2. 2. 



Rejecting organic matter and water and recalculating to 100 per cent, the analyses assume 
the following rational form: 

Reduced analyses. 



SiOjj. 

(Al,Fe)203 
MgCOa-.-. 

CaCOa 

CaaPaOg--- 



15.33 
3.98 
3.67 

77.02 

(?) 
100.00 



8.89 

4.94 

1.79 

84.38 

(?) 
100.00 



3 



0.03 

.19 

11.08 

88.70 

.00 

100.00 



0.31 

.13 

10.55 

89.01 

Trace. 

100.00 



0.11 

.09 

10.04 

89.76 

Trace. 

100.00 
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0.02 

11.22 
88.76 

(?) 

100.00 



0.56 

9.33 
90.11 

(?) 
100.00 



SPONGES. 



In Nos. 1 and 2 the high percentages of sihca and sesquioxides are evidently due to impuri- 
ties. If they are rejected, the percentages of magnesium carbonate become 5.19 and 2.09, 
respectively. These two Foraminif era are from deep and presimiably cold water. The others 
are from shallow water in warm regions. A similar difference in the magnesian content of the 
organisms with regard to temperature appeara, with much regularity, in several other series 
of our analyses, notably in the series of crinoids and alcyonarians. 

The only published analyses of Foraminifora that we have been able to find elsewhere 
appear m H. B. Brady's volume ^ on the material collected by the Oh<illenger expedition. Four 
of these analyses relate to Orbitolites complanata var. laciniataj collected either at Fiji, or at 
Tongatabu, Friendly Islands. These analyses arc as follows: 

1, 2. Two different samples; analyses by C. R. A. Wright and J. T. Dunn. 

3. Sample washed with boiling water. 

4.»vSame as No. 3, unwashed; analyses 3 and 4 by J. Gibson. 

Analyses of orbitolites. 



SiO 

CaCOa 



0.58 



0.3 
2.7 



.68 
12.52 
86.46 



0.14 



0.11 



8.8 
88.2 



100.24 



100.0 



9.55 
88.74 



98. 43 



10.50 
87.91 



98.52 



a Including "phosphates of lime and magnesia.*' 

Other analyses, presented by Wright and Dunn, are of Amphistegina lessoniiy from Capo 
Verde Islands, and Operculina complanata^ from near Amboyna, in the Malay Archipelago. The 
analyses are obscurely stated but give from 4.8 to 4.9 per cent of magnesium carbonate. In 
a Tertiary fossil, Nubecularia novorossica, 26 per cent of magnesium carbonate was found, an 
amoimt which probably represents a concentration by leaching. There are also analyses of 
several siliceous Foraminif era containing from 76.1 to 94.7 per cent of silica. Their tests appear 
to have been built up of sand grains and are of little or no significance in relation to the main 
problem of the present investigation. Their remains are not true additions to the sediments. 

SPONGES. 

The sponges are a rather unsatisfactory group of organisms for chemical analysis, on account 
of their very porous structiu-e. They are liable to contain inclosed impurities, such as sand 
or mud, which are difficult to remove entirely. Some sponges are sihceous, some calcareous, 
and others composed almost wholly of organic matter, the proteid spongin. The ideal method 
of procedure for our purposes' would obviously be to separate the clean siliceous or calcareous 
spicules and to analyze them alone, but to do that a large amount of material would have to 
be gone over, and more time would be consimied than we could give to this part of our investi- 
gation. As the sponges are of minor importance in relation to the marine sediments, we have 
followed oiu: usual coiu^e, and so have obtained results which are of some significance, even if 
they are not all that might be desired. Twenty sponges have been examined, more or less 
completely, as follows: 

1. Eupkctella speciosa Quoy and Gaimard ('Venus's flower baaket"). Philippine Islands. 

2. Bathi/dorus uncifer F. E. Schulze. Galapagos Islands, Albatross station 2818; latitude. 0^ 21K S.: longitude, 
89° 54^ S(y^ W.; depth of water, 617.4 meters; bottom temperature, 9.9** C. 

3. Halichondria panicea Johnston. Alaska. 

4. Suberites suberea Johnston. Unga Island and Popoff Strait. Alaska. 

5. Tethya gravata Hyatt. Buzzards Bay, Mass. 

6. Pheroneina grayi Kent. Off southwest coast of Ireland, at depth of 1.098 meters. 



CkaiUnger Report, vol. 9, pp. xvn-xxi, 18^. 
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7. Geodia mesolrixna var. pachana Lendenfeld. Off southern California, -4 /6a^ro«« station 2909; latitude, 32° 22' 
N.; longitude, 120° 08' 30^' W.; depth. 377 meters; bottom temperature, 7.3**' C. 

8. Phakellia grandis Verrill. East part of Browns Bank, nearly east of Cape Cod, between latitudes 40° 30^ and 42^ 
08'' N. and longitudes 66° to 69° W.; depth, 549 meters. 

9. Chondrocladia alnsl-eims Lambe. On beach at Unalaska. Alaska. 

10. GcUiodes grandis Verrill. Gulf of Maine. 

11. Es}>enopsi8 quatsinoensis Lambe. Auttu Island, Alaska. 

12. Chalina arbuscula Verrill. Outer Island, Conn. 

13. Spinosella sororia var. crispa Durhassaing and Mirhelotti. Harrington Sound, Bermuda. 

14. Euspoiig'm officinalis tuhuUfera var. turrita Hyatt. Harrington Sound, Bermuda. 

15. IJircinia cwnpana var. turrita Hyatt. Bermuda. 

16. Euspongia officinalis var. rotunda Hyatt. Nassau, Bahama Islands. 

17. Hippospongia equina var. meandri/ormis Durhassaing and Michelotti. Nassau, Bahamas. 

18. Hippospongia agaricina var. dura Hyatt. Off Duck Key, Florida, at depth of 4.6 meters. 

19. Hippospongia caniculata var. gossypina Duchassaing and Michelotti. Off Rock Island, Florida, at depth of 7.3 
meters. 

20. Aphfsirui hirsuta Hyatt. Off St. Thomas, Danish West Indies: depth of water, 37 to 42 meters. 

Tlie analyses, made by our usual methods, are as follows: 

Analyses of sponges. 



/ 



/ 





1 


2 


3 


4 


5 


6 


7 


8 


SiO^. 


88.56 
.32 
.00 
.22 
.00 
.00 

10.26 


76. 33 

1.05 

.48 

2.78 

.00 

Trace. 

18.60 


74.52 

6.19 

1.43 

2.33 

.17 

.08 

12.11 


72.92 
1.22 
.55 
.33 
.49 
.39 

22.21 


68.46 
3.71 
.61 
.89 
.48 
.40 

23.02 


65.19 

3.05 

Trace. 

3.26 

Trace. 

.02 

27.05 


64.96 
.21 
.38 
.29 
Trace. 
.21 

31.73 


60.70 


f Al.Fe).,0, 


2.30 


MeO. . ." 


.23 


CaO 


.51 


p,0, 


.46 


86?:::: 


(?) 
35.84 


Icmition 








99.36 


99.24 


96.83 


98.11 


97.57 


98.57 


97.78 


100.04 



SiOj 

(Al,Fe)303 

MgO 

CaO 

PA 

SOa 

Igmtion... 



9 


10 


11 


53.96 


52.24 


51.94 


1.64 


3.86 


1.38 


.58 


.86 


.75 


1.28 


.77 


1.77 


.31 


.61 


.46 


(?) 


.81 


(?) 


41.97 


34.64 


42.29 


' 99. 74 

1 


93.79 


98.59 




97.88 



100.83 



Sponges Nos. 16-20 were composed mainly of organic matter, and only loss on ignition 
was determined. The figures showing this loss are as follows: 

Percent. 

16. Euspongia officinalis 96. 04 

17. Hippospongia equina 96. 98 

18. Hippospongia agaricina 95. 55 

19. Hippospongia caniculata 9 1. 72 

20. Aplysina hirsuta 93 . 34 

In these sponges the inorganic matter is so small that it may only represent impurities, 
an analysis of which would be meaningless. Euspongia and Hippospongia are the ordinary bath 
sponges of commerce. 

In several of the analyses, notably in Nos. 3, 5, 7, 10, and 12, the summation is very low, 
on account of the presence of soluble salts (sea salt), which were not determined. Analyses 
1 to 12 represent siliceous sponges, and in Nos. 2 and 6 the siliceous spicules are very conspicuous. 
No. 1, EuplecteUa, the beautiful " Venus ^s flower basket,'' may be taken as the type of these 
sponges, and its analysis shows that its skeleton is nearly pure opaUne silica. Several analyses 
of sLUceous sponge spicules by other chemists lead to similar conclusions. In spicules from 
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MADBEPORARIAN CORALS. 9 

unnamed species J. Thonlet* found from 12.88 to 13.18 per cent of water, F. E. Schulze* cites 
an analysis by Maly of spicules from Poliopogon amadou which contained 7.16 per cent, and 
in seven species of siUcoous sponges W. J. SoUas^ found water varying from 6.1 to 7.34 per cent. 
In all these sponges the spicules or skeletons are composed of amorphous opaUne sihca. The 
other constituents shown in our analyses, except organic matter, which is included in the loss on 
ignition, are probably but not certainly impurities. To this statement one exception may be 
made. The phosphoric oxide is perhaps a part of the organisms, which contain it not as such 
but as phosphorus in some organic compoimd. This, however, is by no means certain. That 
all the sponges analyzed contain phosphorus in some form, although in small amoimts, is clear. 
Analysis No. 13, of Spinosella, is very high in organic matter, and its precise character is 
doubtful, at least so far as the chemical evidence goes. Nos. 14 and 15, however, of Euspongia 
and Hirciiiia represent calcareous sponges. Reducing the analyses to standard form, rejecting 
organic matter, and recalculating to 100 per cent, we have the following figures for their inorganic 
portions: 

Reduced analyses of calcareous sponges. 



SiOj 

(Al,Fe)203 
MgCOj... 
CaCOa.... 

CajPA- • 
CaSO^.... 



7.81 


1.36 


5.72 


5.45 


5.37 


8.00 


71.14 


81.64 


9.96 


3.55 


(?) 


(?) 


100.00 


100.00 



We can not assign much weight to these reductions, because of the apparent impurities 
in the specimens analyzed. The presence of magnesia, however, in these sponges is somewhat 
confirmed by an analysis by O. ButschU* of spicules from a Mediterranean sponge, Leucandra 
aspera. His figures are as follows: 

CaCOa - 86. 76 

MgCOa 6. 84 

FejOa 26 

CaSO^. 2H2O 1. 97 

HaO - 3. 14 

Organic matter 42 

99. 39 

If we reject water and organic matter and recalculate to 100 per cent the percentage of 
magnesium carbonate rises to 7.17. It seems probable, then, that the calcareous sponges are 
distmctly magnesian, although more analyses are needed to establish the fact.^ 

MADREPORARIAN CORALS. 

Madreporarian or stony corals have been repeatedly analyzed and with generally concord- 
ant results. Twenty-eight of these corals were studied in the course of this investigation, 
and with the results two old imalyses made in the laboratory of the United States Geological 
Survey may properly be included. The order of arrangement here is regional, for reasons 
which will appear lat^r, in our study vf the alcyonarians. The Ust of corals analyzed is as 
follows : 

1. Balanophyllia floridana Pourtal^s. South of Key West, Fla.; depth of water, 165 meters. 

2. Paracyathxis defilipii Duchassaing and Michelotti. South of Key West; depth, 165 meters. 

3. Dendrophyllia cornucopia Pourtal58. Fish Hawk station 7286. Gulf Stream, off Key West; latitu(ie, 24° 18' 
00'^ X.; longitude, 81° 47^ 45^^ W.; depth, 243 meters; bottom temperature, 11.9° C. 

> Compt. Rend., vol. 98, p. 1000, 1884. 
« ChallengeT Report, vol. 21, p. 28, 1SK7. 
3 ChalUnger Report, vol. 25, p. xlviil, 1888. 
* K. Gesell. WLss. Gdttingen Abh., No. 3, 1908. 

^ On manganese and iron in sponges, see Cotte, J., Soc. biologie Compt. rend., vol. 55, p. 139, 1903. Traces of manganese were noted in our 
own analyses. 
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4. Siderastrea radians Pallas. Shoal water, Ragged Keys, Fla. 

5. PoriUs fwrcata Lamarck. Shoal water, Ragged Keys, Fla. 

6. Faviafragum Eeper. Shoal water, Tortngas, Fla. 

7. Eusmilia aspera Dana. Shoal water, Tortugas, Fla. 

8. Oeulina diffusa Lamarck. Shoal water, Tortugas, Fla. 

9. Cladooora arbuscula Lesueur. Tortugas, Fla.; depth, 27.5 meters. 

10. Agaricia purpurea Lesueur. Reef, Loggerhead Key, Tortugas, Fla. 

11. Orbicella annularis Ellis and Solander. Reef, Loggerhead Key, Fla. 

12. Dasmosmilia lymani Pourtalfes. Albatross station 2087; latitude, 40° 06^ 50'' N.; longitude 70*^34' 15^^ W.; 
depth, 119 meters; bottom temperature, 10° C. 

13. Flabellum alabastrum Moseley. Albatross station 2677; latitude, 32° 39' N.; longitude, 70° 50^ 30^' W.; between 
the Bahamas and Cape Fear; depth, 875 meters; bottom temperature, 4.5° C. 

14. Madrepora prolifera Linn^. Albatross stations 2662-2672, between the Bahamas and Cape Fear; depth, 512- 
894 meters; bottom temperature, 6°-7° C. 

15. Dendrophyllia profunda Pourtal^. Locality, etc., as under No. 14. 

16. Madracis decactis Lyman. Shoal water, Bermuda. 

17. Deltocyathus italicus Michelotti. Albatross station 2750; latitudvj, 18° 30^ N.; longitude, 63° 31^ W.; depth, 
908 meters; bottom temperature, 7° C. 

18. Acropora cervicomis Lamarck. Shoal water. South Bight, Bahamas. 

19. Orbicella cavernosa Linn6. Reef, Light House Point, Andros Island, Bahamas. 

20. Maeandra clivosa Ellis and Solander. Locality as under No. 19. 

21. Masandra labyrinthiformis Linn^. Reef, Golding Cay, Andros Island, Bahamas. 

22. Mussa aff . M. dipsacea Dana. Reef, Golding Cay. 

23. Porites clavaria Lamarck. Reef, Golding Cay. 

24. Porites astreoides Lamarck. Reef, Golding Cay. 

25. Flabellum pavonium var. paripavoninum Alcock. Albatross station 4080; north coast of Maui, Hawaiian Islantls ; 
depth, 326 to 369 meters; bottom temperature, 13.5° C. 

26. Madracis kauaiensis Vaughan. Albatross station 3982; vicinity of Kauai, Hawaiian Islands; depth, 426-435 
meters; bottom temperature, 9.1° C. 

27. Flabellum sp. Albatross station 5273; latitude, 14° 03^ N.; longitude, 120° 27' 45" E.; China Sea, near southern 
Luzon; depth, 102.5 meters. 

28. Desmophyllum imjens Moseley. Albatross station 2785; latitude, 48° 09^ S.; longitude, 74° 36' W.; off coast 
of Chile; depth, 822 meters; bottom temperature, 8.3° C. 

The actual analyses appear in the following tables. Sulphates were rarely determined, 
but they are unimportant. 

Analyses of corals. 





1 


2 


3 


4 


5 


6 


7 


SiOj 


0.09 

.69 

.49 

51.46 

Trace. 
47.32 


0.42 

.35 

.39 

52.03 

.00 

Trace. 

44.62 


0.09 

.11 

.19 

51.71 

Trace. 
46.23 


0.12 

.11 

.21 

51.23 

Trace. 
47.21 


0.11 

.10 

.36 

51.61 

Trace. 
46.76 


0.28 

.12 

.18 

53.69 

(?) 
Trace. 
44.44 


• 
0.00 


( Al Fe)oO, 


.04 


Mg6.^:^^^^^ : 


.21 


CaO 


53.25 


SO, 


(?) 


pA 


Trace. 


t 2 .»• 

Icrmtion 


44.90 






COo needed 


100.05 

39.97 

7.35 


97.81 

41.31 

3.31 


98.33 

40.84 

5.39 


41.48 
5.73 


98.94 

40.95 

5.81 


98.71 

42.38 

2.06 


98.40 
42.08 


^rfi'a^ic mattrer. etc . , 


2.82 






8 


9 

0.30 

.08 

.05 

53.31 

Trace. 
44.83 


10 


U 


12 

0.20 

.27 

.29 

53.79 

.10 

Trace. 

44.47 


13 


14 


SiO, 


0.07 

.05 

.19 

53.90 

Trace. 
44.57 


0.04 

.00 

.28 

53.87 

(?) 

.Ofi 
44.62 


0.00 

.03 

. 27 

53.58 

(?) 
.00 

44.76 


0.09 

.11 

.17 

53.54 

(?) 

Trace. 

44.80 


0. 19 


( Al.Fe),0, 


.07 


MjrO 


.06 


CaO 

SO., 

KJ V^ fj ................................................. 


53.48 
.12 


PjOft 


Trace 


Ignition 


44.50 






COo needed 


98.78 

42.56 

2.01 


98.57 

41.94 

2.89 


98.81 

42.64 

1.98 


98.64 

42.40 

2.36 


99.12 
42.52 
1.95- 


98.71 

42.26 

2.54 


98.42 
42.03 


Organic matter, etc 


2.47 



MADREPORARIAN COBALS. 



Analyses of corals — Continued. 



• 


15 


16 


17 


18 


19 


SiOo 


0.33 

.07 

.05 

53.83 

Trace. 
44.49 


0.04 

.13 

.34 

52.78 

Trace. 
45.33 


0.21 

.25 

.25 

53.38 

Trace. 
44.49 


0.00 

.06 

.20 

52.47 

Trace. 
45.77 


0.( 


( Al.t'e ).,0, 


.( 


MzO 


r 


*"-l5 v.^.. ................................. ............. 

CaO 


53. ( 


SO, 


(?) 
.( 


P„0. 


Ignition 


45.5 






COo needed 


98.77 

42.35 

2.14 


98.62 

41.84 

3.49 


98.58 

42.41 

2.28 


98.50 

41.45 

4.32 


98.; 
42. ( 


Organic matter, etc 


3.] 







SiOj. 

(AhFeVA 

MgO 

CaO 

SO, 

P2O. 

Ignition 

CO, needed , 

Organic matter, etc 



1 

22 


23 


24 


25 


1 

0.14 


0.04 


0.02 


0.40 


.05 


.09 


.02 


.53 


.04 


.17 


.18 


.20 


53.34 


52.12 


53.84 


53.22 


(?) 


(?) 


(?) 


(?) 


Trace. 


Trace. 


Trace. 


Trace. 


44.81 


45.84 


44.98 


44.31 


98.38 


98.26 


99.04 


98.66 


41.95 


41.14 


42.50 


42.04 


2.86 


3.70 


2.48 


2.27 



26 



0.( 

.1 

.] 

53. i 

(?) 

Trac 

44A 

98. S 

42.^ 

1.1 



The two other analyses of corals, which were made some years ago m the Si 
do not appear m the f oregomg table because they are stated m somewhat differ 
are, however, included in the following table of reduced analyses, in which the 
culated to 100 per cent and as definite salts, with organic matter and wate 
two in question are as follows: 

29. Siderastrea sp. Bermuda; analysis by L. G. Eakins. 

30. Coral, species undetermined. Panama; analysis by W. T. Schaller. 

Reduced analyses. 



SiOj. .... 
(Al,Fe)o03 

M^o,;.. 

CaCOg. . . 
CaSO^ 

Ca^PA-. 



1 


2 


3 


0.10 


0.44 


0.10 


.74 


.37 


.12 


1.11 


.87 


.43 


98.05 


98.32 


99.35 


(?) 


.00 


(?) 


Trace. 


Trace. 


Trace. 


100.00 


100.00 


100. 00 



SiOo. 

(Al,Fe)^03 
MgCO,... 
CaCO,. . . 

CaSO^ 

Ca3r20g. . . 



0.1 

.] 

99! i 

(?) 

Trac 



7 


8 


9 


0.00 


0.07 


0.31 


.04 


.05 


.08 


.46 


.41 


.11 


99.50 


99.47 


99.50 


(?) 


(?) 


(?) 


Trace. 


Trace. 


Trace. 


100.00 


100.00 


100.00 



100. ( 



10 



0.( 

.( 
.( 

99. J 

(?) 



100. ( 
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Reduced analyses — Continued. 



< 


13 


14 


15 


16 


17 


18 


SiOg 


0.09 

.12 

.37 

99.42 

(?) 
Trace. 


0.20 

.07 

.14 

99.38 

.21 

Trace. 


0.34 

.07 

.12 

99.47 

(?) 
Trace. 


0.04 

.14 

.76 

99.06 

(?) 
Trace. 


0.22 

.26 

.54 

98.98 

Trace. 


0.00 


(Al,Fe)oO, 


.06 


MgCOg 

CaCOa 


.45 
99.49 


CaS04 


Trace. 


Ca^PzOs 




100.00 


100.00 


100.00 


100.00 


100.00 


100.00 





19 


20 


21 


22 


23 


24 


SiOo 


' 0.10 
.00 

.77 
99.13 

(?) 
.00 


0.02 

.04 

.73 

99.21 

(?) 
.00 


0.00 

.04 

.57 

99.39 

(?) 
Trace. 


0.15 

.05 

.09 

99.71 

(?) 
Trace. 


0.04 

.10 

.37 

99.49 

(?) 
Trace. 


0.02 


(Al,Fe)203 


.02 


MgCO, 


.40 


CaCOa 


99.56 


CaS04 


(?) 
Trace. 


Ca,P,0« 


^•^■* I'^o ••••••--••••••-•-•--•-•• 






100.00 


100.00 


100.00 


100.00 


100.00 


100.00 




25 


26 


27 


28 


29 


30 


SiOo. 


0.41 

.55 

.43 

98.61 

(?) 
Trace. 


0.06 

.11 

.33 

99.50 

(?) 
Trace. 


0.07 

.15 

.37 

99.41 

Trace. 


0.14 

.06 

.59 

99.21 

(?) 
Trace. 


0.23 

Trace. 

.42 

99.35 

(?) 
(?) 


1.25 


(Al,Fe)oO, 


.59 


MeCO, 


.59 


CaCOa 

CaSO.. 

CaaPoO. 


97.57 

(?) 
(?) 


T-'w^A a^-'S' -*---*-*-*''-•■'*'♦ 4....... — 4... 




100.00 


100.00 


100.00 


100.00 


100.00 


100.00 



These analyses are remarkably concordant and show that the stony corals contain httle 
besides calcium carbonate. Silica and sesquioxides are probably extraneous; magnesia is alto- 
gether subordinate, although fairly regular in its amount; phosphates occur only in traces. The 
older analyses all tell the same story, except that in six analyses by S. P. Sharpies* of corals 
from the Gulf Stream from 0.27 to 0.84 per cent of calcium phosphate was determined. In 
five analyses of Brazihan corals, L. R. Lenox^ foimd from 0.42 to 0.54 per cent of magnesium 
carbonate, quantities Uke those appearing in our tables. In short, the uniformity of the data is 
so marked that it is unnecessary to reproduce all the published analyses here.' 

AL.CYONARIAN CORALS. 

The alcyonarians, which include the red corals, the gorgonias, or sea fans, and other similar, 
generally branching forms, differ from the madrepores m bemg notably magnesian. To this 
rule one exception is known, the genus Heliopora, which stands quite alone and resembles the 
ordinary corals not only in structure but also in chemical composition.* With this exception, 
the alcyonaria are chemically similar to the crinoids, but some genera are much richer in phos- 
phates. In some respects the alcyonarians are difficult to deal with analytically, for many of 
them have a homy axis, composed chiefiy of organic matter, surrounded by a cortex or envelope 

» Am. Jour. Scl., 3d ser., vol. 1, p. 16S, 1871. 

2 Mus. Comp. Zool. Bull., vol. 44, p. 264, 1904. In a memoir by J. C. Branner on sandstone reefs. 

> See also B. Silliman, Jr., Am. Jour. Sci., 2d ser., vol. 1, p. 180, 1846, for 31 analyses of corals from the South Pacific and the Indian Ocean; 

0. Forchhammer, Neues Jahrb., 1852, p. 854, on magnesia in shells and corals; H. W. Nichols, Field Columbian Mus., Pub. Ill, p. 31, 1906; also 
f ^r determinations of'magnesia. In Ootlaria dxdalca from Abyssinia ne found 0.35 per cent of MgCOs. A. O. H5gbom, Neues Jahrb., 1894, Band 

1, p. 262, in two Bermuda corals found 0.36 and 0.62 per cent of MgCOi. 

* See H. W. Moseley, Philos. Trans., vol. 166, p. 91, 1876, on the structiu^ relations of Heliopora. 



ALCYONABIAN CORALS. 
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which is largely calcareous. These two portions of the structure are so unlike in composition 
that imperfections in a sample taken for analysis may lead to very uncertain conclusions. 
The list of alcyonarians analyzed is as follows: 

1. Heliopora cerulea Pallas; blue coral. Southern Philippines. The blue color consists of organic matter.' 

2. Tuhipora purpurea Lamarck. Singapore, Straits Settlements; latitude, 1° 20' N.; longitude, 103° 50^ E. 

3. Corallium elatior Ridley; a red coral. Murotsu, Tosa (Shikoku), Japan; latitude, about 33° N. 

4. PrimnoaresedaYeTrill. Eastof Nova Scotia; depth of water, 366 meters; latitude, 42° 16'N.; longitude, 63° 15'W. 

5. Lepidisis caryophyllia Verrill. Off Nantucket Shoals, Albatross station 2037; latitude, 38° 53' 00'' N.; longitude, 
69° 23' 30" W.; depth, 3,168 meters; bottom temperature, 3.3° C. 

6. Pennattda aculeata Dana. St. Peters Bank and Banquereau; Albatross station 2470; latitude, 44° 47' N.; 
longitude, 56° 33' 45" W.; depth, 410 meters; bottom temperature, 4.5° C. 

7. Paramuricea borealis Verrill* Southwest edge of the Grand Banks; depth, 641 to 732 meters. 

8. Paragorgia arbor ea Milne-Edwards and Haime. La Have Ridge, off Nova Scotia. 

9. Alcyonium camewn L. Agassiz. Southwest of Stellwagen Bank, off Race Point Light, Cape Cod, Mass.; depth, 
57 meters; bottom temperature, 3.9° C. 

10. Gorgonia suffruiicosa Dana. Fiji Islands. Cortex and axis together. 

11. Gorgonia acerosa Pallas. East end of Long Cay, Nassau, Bahamas; latitude, 25° y 6" N. Cortex and axig. 

12. Gorgonia acerosa. Csesars Creek, southern Florida; latitude, 23° 30' N., approximately. Cortex alone. 

13. Muricea humilis Milne-Edwards. Parahyba do Norte, Brazil; latitude, 7° to 8° S. 

14. Muricea echinata Valenciennes. Cape San Lucas, Lower California; latitude, 22° 52' N. 

15. Plexaurella grandiflora Verrill. Mar Grande, Bahia, Brazil. 

16. Ctenocella pectinata Valenciennes. Torres Straits, Australia; latitude, about 10° S. 

17. Xiphogorgia anceps Pallas. Csesars Creek, southern Florida; latitude 23° 30' N., approximately. 

18. Rhipidogorgia flabellum Linn^. Bermuda; latitude, about 32° N. 

19. Rhipidogorgia flabellum. East side of Andros Island, Bahamas; latitude, about 25° N. 

20. Leptogorgia pulchra Verrill. La Paz, Gulf of CaUfomia; latitude, 24° 16' N. 

21. Leptogorgia rigida Verrill. Cape San Lucas, Lower California; latitude, 22° 52' N. 

22. Phylhgorgia querctfolia Dana. Fernando de Noronha, Brazil; latitude, 3° 50' S.; longitude, 32® 25' W. 

Analyses of alcyonarians. 



■ 


1 


2 


3 


4 


5 


6 


7 


8 


SiOj 


0.14 

.07 

.16 

54.42 

.29 

Trace. 

44.33 


L36 

.55 

5.67 

46.60 

.68 

Trace. 

44.75 


0.00 

.14 
5.44 

48.65 
.77 
.18 

46.01 


0.09 

.64 

2.15 

37.76 

.71 

.28 

57.58 


0.11 

.05 

3.16 

49.87 

.37 

Trace. 

45.70 


L21 

.72 

2.62 

35.67 

.35 

L02 

59.26 


0.26 

.18 

2.27 

29.92 

L64 

.39 

77. 32 


0.13 


(Al.Fe),Oa 


.02 


MgO 


3.71 


CaO 


43.47 


SO, 


LIO 


P2O5 


.22 


Iflrmtion 


50.48 






COo needed 


99.41 

42.78 

L55 


99.61 

42.48 

2.27 


101. 19 

42.87 
3.14 


99.21 
3L38 
26.20 


99.26 

42.43 

3.27 


100.85 
29.76 
29.50 


100.98 
24.74 
4L58 


99.13 
37.44 


OreaT^ic matte'*, etc 


13.04 







SiOo. 

(Al,Fe)>03 

MgO 

CaO 

SO3 

P2O5 

Ignition 

CO2 needed 

Organic matter, etc 



9 


10 


11 


12 


13 


14 


6.84 


0.26 


0.13 


0.03 


0.44 


0.09 


2.20 


.13 


.13 


.13 


.06 


.05 


L66 


3.03 


3.54 


3.51 


5.25 


4.58 


14.04 


22.32 


28.73 


26.48 


42.14 


38.04 


.31 


L51 


.68 


L33 


.89 


L35 


2.32 


.10 


.99 


.73 


.24 


.30 


72.24 


7L46 


62.34 


63.49 


5L59 


54.09 


99.61 


100.81 


96.54 


95.70 


100.61 


98.50 


10.34 


19.94 


25.17 


23.26 


38.13 


33.91 


6L70 


5L52 


37.17 


40.23 


13.43 


20.18 



15 



0.38 

.13 

5.61 

40.94 

Trace. 

Trace. 

52.49 

99.55 
38.34 
14.15 



1 See Moseley, H. W., op. cit., and Bourne, O. C, Philos. Trans., vol. 186, p. 455, 1885. 
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The low summation of Nos. 11 and 12 is due to inclosed or adherent sea salts. In No. 12 
the amoimt of water-soluble matter was determined and proved to be 4.71 per cent, of which 
0.55 per cent was SOj. Applying these corrections to the analysis the summation becomes 99.96. 



• 


16 


17 


18 


19 


20 


21 


22 


Si Oj. 


0.17 

.10 

5.90 

37.05 

.79 

.32 

56.15 


0.08 

.04 

3.52 

27.19 

1.28 

.51 

65.56 


0.12 

.16 

3.42 

27.41 

.80 

.28 

65.67 


0.16 

.06 

4.22 

32.23 

1.17 

.86 

62.10 


0.06 
.02 

4.60 
33.59 

1.21 

2.67 
55.89 


0.21 

.16 

5.14 

36.15 

.93 

2.78 

55.39 


0.26 


(ALFekOa 


.19 


MgO... ■. 

CaO 


5.59 
34.62 


SO, 


.93 


P,6, 


2.97 


Ignition 


55.28 






COo needed 


100.48 
34.87 
21.28 


98.18 
24.07 
41.49 


97. 86 
25.60 
40.07 


100.80 
28.51 
33.59 


98.04 
28.31 
27.58 


100.76 
30.96 
24.43 


99.84 
34.14 


Oreanic matter, etc 


21.14 







The reduced or rational analyses are as follows : 

Reduced analyses. 





1 


2 


3 


4 


5 


6 


7 


8 


SiOj. 


0.15 

.07 

.35 

98.93 

.50 

Trace. 


1.40 

.57 

12.23 

84.61 

1.19 

Trace. 


0.00 

.15 

11.56 

86.57 

1.32 

.40 


0.13 
.88 

6.18 
90.39 

1.59 
.83 


0.11 

.05 

6.92 

92.24 

.68 

Trace. 


1.70 
1.01 
7.71 
85.62 
.84 
3.12 


0.44 
.30 
8.03 
85.11 
4.69 
1.43 


0.15 


(Al.Pe)*0, 


.03 


iigco. 


9.05 


CaCO. 


88.04 


CaSOi 


2.17 


Ca.P«0. 


.56 


x^M^A 2>^8 ................................... 






100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 





9 


10 


11 


12 


13 


14 


15 


SiO, 


18.05 
5.80 
9.21 

52.23 
1.36 

13.35 


0.55 

.28 

13.43 

79.84 

5.43 

.47 


0.22 

.22 

12.52 

81.45 

1.95 

3.64 


0.04 

.24 

13.29 

79.48 

4.08 

2.87 


0.50 

.07 

12.64 

84.47 

1.73 

.54 


0.11 

.06 

12.28 

83.79 

2.93 

.83 


0.45 


(Al.Fe)-O, 


.15 


V'**''»*' ^/a^-'a* ••••••---•-••--* 

MeOO. 


13.79 


CaCO. 


85.61 


CaSOa 


Trace. 


Ca,PoO. 


Trace. 








100.00 


100.00 


100.00 


100.00 


100.00 


ICO. 00 


100.00 


• 


16 


17 


18 


19 


20 


21 


22 


SiO, 


0.21 

.13 

15.65 

81.44 

1.69 

.88 


0.14 

.07 

13.04 

80.96 

3.83 

1.96 


0.21 

.28 

12.64 

83.38 

2.40 

1.09 


0.24 

.07 

13.19 

80.75 

2.95 

2.80 


0.09 

.03 

13.71 

74.99 

2.91 

8.27 


0.28 

.21 

14.13 

75.36 

2.07 

7.95 


0.34 


(Al.Fe)-O, 


.26 


McCO. 


15.73 


CaCO, 


72.99 


CaSO^ 


2.11 


Ca,PoO« 


8.57 


^-'•^* a^^o" ••• 






100.00 


100.00 


100.00. 


100.00 


100.00 


100.00 


100.00 



Analysis No. 1, that of Heliopcra, might be an analysis of an ordinary coral, being nearly 
nonmagnesian and hence diflFerent from all the others. The material of No. 9, Alcyonium 
cameum, was obviously very impure, containing much admixture of sand or mud. That the 
species is remarkably rich in calcium phosphate, however, seems to be clear. It needs further 
investigation upon better material. 
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In two of the Gorgonias the black wiry axis was separately analyzed, although the amount 
of material was very small. The axis of a Rhipidogorgia sp. from Bermuda was also studied 
and to better advantage. The three analyses are as follows : 





Gorgonia 
acerosa. 


Oorgonia 
suffniticosa. 


Rhipido- 
gorgia?. 


• 

SiOj 


0.04 
.10 
.71 
.53 
.31 
.94 
96.45 


0.39 

.06 

.80 

1.10 

Trace. 

1.65 

94.39 


0.07 

Trace. 

1.03 

.50 

.15 

1.90 

95.83 


( Al>e)jO, 

MeO 


CaO 


P,0. 


S&a' 


.wTV^IJ. .^. ............ 

Iiniitioii 


■pv*"""*^'** . . ........ 


99.08 


98.39 


99.48 



The axes, evidently, are composed largely of organic matter, and the inorganic portions differ 
in composition from the more abimdant calcareous envelopes. In two of them magnesia is in 
excess of hme, and in all three the sulphates are conspicuous. To determine the exact chemical 
nature of these axes would require much material and a longer investigation than we are justi- 
fied in attempting. 

A specimen of Leptogorgiajlammea Verrill, from the Cape of Good Hope, was also examined, 
but it was not sufficiently perfect. Much of the cortex had been broken away, leaving an excess 
of the axis. The partial residts obtained, however, showed an exceedingly high proportion of 
phosphates, and a complete study of the species is much to be desired. Indeed, the genus 
Leptogorgia well deserves an exhaustive investigation, but perhaps more on biological than on 
geological grounds. The fact that it contributes both magnesium carbonate and calcium 
phosphate to the marine sediments seems to be estabUshed. 

Several other analyses of alcyonarians, partial or complete, are on record, and three of them 
deserve reproduction here. The data are as follows: 

1. Plewrocoralimm johnsoni Gray. From latitude 25** 45' N., lonc;itude 20** 12' W., about 160 miles southwest of 
the Canary Islands; depth of water, 2,791 meters. At that depth the temperatiire must have been very low, probably 
not much above 0° C. Analysis by Anderson in Challenger. Report, Deep-eea Deposits, p. 465, 1891. 

2. Alq/onium palmatum. Probably Mediterranean. 

3. Corallium rubrum; the precious red coral. Mediterranean. 

Analyses 2 and 3 by O. BQtachli in K. Gesell. Wiss. GOttingen Abb., No. 3, 1908. 

Older analyses of alcyonarians. 



CaCO, 

MgCda 

^'Phosphate ".. 

CaaPjOg 

FeaOa 

CaS04.2H20... 

Si02orsand 

H2O 

Organic matter. 
Insoluble 



93.39 
6.00 



] 



.10 



{ 



86.25 
9.38 
1.00 



86.78 

a 97 

.70 



Trace. 
.30 



1.15 

1.36 

.82 

.37 



1.55 



1.46 
.06 



05 



99.84 



100.33 



99.32 
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The reduced analyses, rejecting obvious impurities, are as follows: 

Reduced OTialyses, 





1 


2 


3 


SiO, 


Trace. 

(?) 
6.03 
93.87 






FeoOi 






MeCOa 


9.63 

88.42 

.93 

1.02 


9.18 

88.84 

1.26 

.72 


CaCO, 


CaS04 


Ca«PoOa 


.10 


^'*T»* i^^O •-•••••••• 


100.00 


100.00 


100.00 



That these analyses fit well into our own series is evident. 

In a worked specimen of CoraUium rvhrurrij H. W. Nichols found 9.32 per cent of magnesium 
carbonate, not far from Butschli's figure. In Eunicea toumeforti and PlexaureUa dichotomy, both 
from the Bahamas, he found, respectively, 2.78 and 2.11 per cent. These percentages, how- 
ever, are based on crude material; that is, without rejection of organic matter and water. 
They are, therefore, unavailable for comparison with our reduced analyses. Three similar 
analyses by G. Forchhammer* are also recorded, of TvMpora musica, CoraUium nohUe (=C 
rvhrum), and Isis JiippuriSj which gave, respectively, 3.83, 2.73, and 6.36 per cent of magnesium 
carbonate. These data lack sufficiently explicit details to admit of comparison with ours. 
Why his figure for the red coral is so low is not clear. The material taken for analysis must 
have been quite different from that used by Nichols or Btitschli. A still earlier analysis of 
red coral by Witting * gave 3.50 per cent of magnesium carbonate. The specimen analyzed, 
however, contained about 12 per cent of impurities. 

If, now, we arrange the alcyonarians in the order of ascending magnesium carbonate, a 
remarkable relation connecting composition with temperature appears. Hdiopora, being 
anomalous, is not included in the table. Alcyonium cameum is also excluded on account of its 
impurities. The three analyses by Anderson and Btitschli are, however, inserted. Localities 
and latitudes are abbreviated. The percentages of magnesium carbonate are from the reduced 
analyses^ and those of calcium phosphate are also given. 

Magnesium carbonate and calcium phosphate in alcyonarians. 



Species. 



Fleurocorallium johiiBom. 

Primnoa reseda 

Lepidisifl caryophyllia 

Pennatula aculeata 

Paramuricda borealis 

Parairorgia arborea 

CoraUium rubrum 

Alcyonium palmatum. . . 

CoraUium elatior 

Tubipora purpiurea 

Muricea echinata 

Gor^nia acerosa 

Muricea humilis 

Rhipidogorgia fiabellum. 

Xipnogorgia anceps 

Rhipidogorgia fiabellum. 

Gorgonia acerosa 

GorgoniaBuffruticosa. . . . 

Leptogorgia pulchra 

Plexaureila grandiflora. . . 

Leptogorgia rigida 

Ctenocella pectinata 

Phyllogorgia quercifolia. . 



LocaUty. 



Latitude. 



Atlantic 

Nova Scotia 

Off Nantucket. . . 

Atlantic 

Grand Banks 

Nova Scotia 

Mediterranean. . . 
Mediterranean? . 

Japan 

Singapore 

Cape San Lucas. 

Banamas 

Brazil 

Bermuda 

Florida 

Bermuda 

Florida 

IJl 

Lower California. 

Brazil 

Cape San Lucas. 

Torres Strait 

BrazU 



25 
42 
38 
44 



°45^N. 
°16'N. 
°33^N. 

°47^N. 



33 
1^ 
22 
25 
7° 
32 
23 
25 
23 



2(KN.. 
°52^N. 
°5'N.. 
-8°S... 

°N... 
°3(KN. 

°N... 

°3(y N. 



24°16^N, 



22 
10 
3** 



°52'N 

°S 



50' N. 



CaaPaOg. 


0.10 


.83 


Trace. 


3.12 


L43 


.56 


.72 


1.02 


,40 


Trace. 


.83 


3.64 


.59 


L09 


1.96 


2.80 


2.87 


• .47 


a 27 


Trace. 


7.95 


.88 


8.57 



MgCOa. 



6.03 

6.18 

6.92 

7.71 

8.03 

9.05 

9.18 

9.63 

n. 56 

12.23 

12.28 

12.52 

12.64 

12.64 

13.04 

13.19 

13.29 

13.43 

13.71 

13.79 

14.13 

15.65 

15. 73 



1 Neues Jahrb., 1852, p. 854. 



1 Axmales Chemie Phannacie, vol. 1, p. 119, 1832. 
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Although records of temperature and depths are available for only a few of these alcyonarians, 
the suggested relation is clearly evident. The organisms from cold, northern waters or from 
very deep waters are low in magnesia, and those from warm regions are high. The same 
relation appears in our analyses of echinoderms and is unmistakable. It is not rigorously exact, 
but some apparent irregularities are due to impurities, such as sand and mud, which appear in 
the analvses as sihca and sesquioxides. If these were rejected the percentage of magnesia 
would be raised. Variations arc also to be expected because of cold or warm currents and 
different depths of water. Ver^^ deep water, even imder the Equator, is always cold, whereas 
shallow bays farther north may be relatively warm. Possibly, also, the alcyonarians may form 
two or more distinct series that are not perfectly comparable in chemical composition. CoraUium 
and Tnhipora, for example, are compact forms, with little organic matter and lower magnesia 
than the genera with homy, organic axes, such as those whose names appear at the end of the 
table. It is also noteworthy that the highest proportions of calcium phosphate are commonly 
associated with a high content of magnesia, 

HYDROIDS. 

In the course of this investigation six analyses have been made of coralline hydroids belong- 
ing to the genera MiUepora and Distichopora. The species and localities are as follows: 

1. Millepora aldcomis LInn6. Shoal water, Tortugas, Fla. 

2. Millepora aldcomis. Bermuda. 

3. Millepora braziliensis Yerrill. Candeas, Pemambuco, Brazil. 

4. Distichopora niiida Yerrill. Micronesia, exact locality unknown. 

5. Distichopora cocdnea Gray. South Sea Islands, exact locality unknown. 

6. Distichopora sulcata Pourtal^. Off Habana, Cuba; depth of water, 143 to 179 meters. 

Analyses of millepores^ etc. 



SiO, 0.23 

(Al,Fe)303 1 .10 

MgO ! .43 

OaO 

SO, 

pA' 

Igmtion 



COj needed 

Organic matter, etc, 



52.50 

.27 

Trace. 

44.77 



98.30 

41.57 

3.20 



2 


3 


4 


5 


0.02 


0.09 


0.10 


0.09 


.07 


.06 


.20 


.07 


.10 


.59 


.11 


.12 


53.14 


53.36 


53.07 


53.43 


.04 


1.03 


.69 


.65 


Trace. 


Trace. 


Trace. 


Trace. 


45.16 


44.87 


44.89 


45.05 


98. 53 


100.00 


99.06 


99.41 


41.85 


42.01 


41.44 


41.76 


3.31 


2.86 


3.45 


3.29 



6 



0.07 

.05 

.12 

53.90 

.61 

Trace. 

45.37 



100.12 

42.15 

3.22 



Reduced analyses. 



SiOj. 

(Al,Fe)203 
MgCOa... 

OaCO, 

CaSO^.... 

CaaPjOg.. 



1 


2 


3 


4 


5 


0.24 


0.02 


0.09 


0.11 


0.09 


.11 


.07 


.06 


.21 


.07 


.95 


.22 


1.28 


.24 


.26 


98.22 


99.63 


96.77 


98.22 


98.43 


.48 


.06 


1.80 


1.22 


1.15 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


100.00 


100.00 


100.00 


100.00 


100.00 



6 



0.07 

.05 

.26 

98.56 

1.06 

Trace. 



100.00 



A few partial analyses and one fairly complete analysis of millepores have already been 
published, which in all important particulars agree with ours. The coralline structures consist 
essentially of calcium carbonate, with minor impurities, and resemble chemically the true 

50364^—17 2 
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corals. In two miUepores from Bermuda A. G. H5gbom * foimd respectively 95.86 and 94.39 
}>er cent of calcimn carbonate, with 0.41 and 0.97 of magnesium carbonate. In MiUepora 
aldcomis from the Gulf Stream S. P. Sharpies' foimd 97.45 per cent of calcium carbonate, 0.27 
of calcium phosphate, 2.54 of organic matter and water, and only traces of iron and magnesia. 
B. Silliman, jr.,' in one analysis of the same species reported no magnesia, which evidently 
was not sought for. A single analysis of Jf. brazUiensis by L. R. Lenox * gave the following 
composition: 

CaCOs 93.80 

MgCOs 2.14 

CaS04 2.08 

SiOj 03 

(Al,Fe)208 07 

98.12 

It is interesting to note that the Brazilian species is the richest of all in magnesia, although 
it is poor m comparison with the echinoderms and alcyonarians. As reef buUdera the mUle- 
pores contribute little to the coral rock but carbonate of lime. 

In an analysis of MiUepora cervicomisj by A. Damour,* 8.51 per cent of magnesium carbonate 
is reported. The name, however, belongs to a fossil species, and the specimen analyzed was at 
least partly fossilized. Its locality is given as Br6hat, Manche, France. 

ANNEUDS. 

The curious tubes formed by marine worms probably contribute little to the sediments. 
They are, however, of some interest in an investigation of this kind, and for that reason six 
analyses of them have been made, as follows: 

1. FUograna implexa Berkeley (Serpula complexa). Scarborough, England. 

2. Protula tabutaria (Montagu) (Serpula tabularia). Locality unknown, probably British. 

3. Hydroides dianthis Verrill. Vine)rard Sound, Maas. 

4. Leodice polybranchia Verrill. Off Marthas Vineyard, Mass. 

5. 6. Hyalinacia artifex Verrill. Off Marthas Vineyard, Mass., Fish Hawk station 1025; depth of water, 384 meters; 
bottom temperature, 7^ C. Two analyses, of different samples; the tubes of this annelid, on ignition, gave an inorganic 
residue which fused to a white, porcelain-like mass. 

Analyses of worm tubes. 





1 


2 


3 


4 


5 


6 


Insoluble in HCl • 


29.82 

1.12 

.75 

.00 

35.98 

Trace. 

.29 

31.23 












SiOo. 


0.75 

.41 

.14 

50.89 

.07 

Trace. 

45.99 


15.45 

1.30 

3.58 

39.11 

Trace. 

.22 

38.82 


28.05 
2.33 
4.40 
5.12 
6.06 
6.43 

46.91 


0.20 

.07 

8.57 

5.35 

3.47 

20.72 

61.83 


0.24 


(Al,Fe)oO, 


.01 


MeO 


8. 17 


CaO 


5.24 


SO, 


4. 33 


pA 


20.32 


Ignition •. 


61.41 






COo needed 


99. 19 

28.00 

3.23 


98.25 

39.95 

6.04 


98.48 

34.46 

4.36 


99.30 


100.21 


99.72 


Orcranic matter, etc 

















Tests for fluorine failed to show its presence in an}^ of these tubes. 

These analyses fall into two distinct groups, one low in sulphates and phosphates, the 
other unusually high. The first three are easily reducible to standard form if we reject the 
insoluble matter, the silica, and the sesquioxides, which represent inclusions of sand or mud. 
The reduced analyses then assume the following form : 



1 Neues Jahrb., 1894, Band 1, p. 262. 

* Am. Jour. Sci., 3d ser., vol. 1, p. 168, 1871. 

* Am. Jour. Sd. 2d ser., vol. 1, p. 189, 1846. 



4 Mus. Comp. Zool. Bull., vol. 44, p. 264, 1904. 
» Compt. Rend., vol. 32, p. 253, 1851. 
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Reduced analyses of worm tubes. 





1 


2 


3 


MgCO, 


0.00 

99.01 

Trace. 

.99 


0.32 

99.65 

.13 

Trace. 


9.72 

89.66 

Trace. 

.62 


CaCO. 


CaSO. 


C^P-O- 


^""^^ a^'B" ■••••••••• 


100.00 


100.00 


100.00 



Two of these analyses resemble those of corals and mollusks; the third is n 

an alcyonarian or an echinoderm. In all three the organic matter is very \o^ 

partial analyses by Forchhammer * are on record, which may be compared with t 

only magnesium carbonate was determined. These are — p^^.^ 

Serpula sp. Mediterranean 

Serpula triquetra. North Sea 

Serpula filograna^ 

The tubes of Serpula are evidently quite variable in composition, at least fi 
magnesian content. 

The tubes formed by Leodice and Hyalinoscia, being highly phosphatic, 
interpret chemically. The bases are insufficient to satisfy the acids if the phos 
assumed to represent the normal tribasic salts. Phosphorus may be present 
organic matter, and so, too, may a portion of the sulphur. Metaphosphates, p 
and acid orthophosphates are also possibly present, and between these altemativ 
to decide. Acid salts are, however, improbable, for when boiled in water the tul 
alkaline reactions. We prefer, therefore, to leave the reduction of analyses 4, 5, 
ance until more evidence can be obtained. In this direction an analysis of 
Muller, by Schmiedeberg,* is suggestive. To the organic matter of the tube of ( 
phin," he assigns the formula C24H43NOJ8, and the tube itself he regards as a com 
of the composition 

C2,H,3NO„ -f CaHPO, + 4MgHP0, -h 22H,0. 

The analyses given by Schmiedeberg are as follows: 

Analyses of Onuphis tubicola. 



Onuphin. . . 
Water 

CaO 

H (acid), etc 




Calcined ash. 



P20« 

CaO 

MgO 

K 

Na 

SO3, SiOj, COj, and loss. 



In a general way this analysis of Onuphis resembles our analysis of Hyoi 
that the magnesia is much higher and the sulphates, if present, are insignificant i 
wiU be noticed, moreover, that Schmiedeberg assumes the presence of acid phc 
interpretation of the data, which, as we have already stated, is improbable. 

« Neues Jahrb., 1852, p. 854. 

< In a later memoir (Philos. Trans., vol. 155, p. 203, 1865) Forchhammer gives the percentage of MgCOs In Serpula filot 
Which figure is correct? 

• Zool. Bta. Naples Mitt., vol. 3, p. 373, 1882. 
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None of the analyses of the phosphatic worm tubes can be regarded as wholly satisfactory, 
but it is clear that these structures add phosphorus to the sediments. If they decay in contact 
with calcareous sediments, the final product would probably be a tribasic phosphate, and that 
is as far 8.3 we now heed to go. 

ECHINODERM8. 

1. CBINOIDS. 

In 1906 H. W. Nichols * published a number of partial analyses of marine invertebrates, 
and in a crinoid, Metacrinus rotundus from Japan, he foimd 11.72 per cent of magnesium 
carbonate. This analysis attracted the attention of Austin H. Clark, and at his request two 
other analyses of crinoids were made in the laboratory of the United States Geological Survey 
by Chase Palmer, who also found that they contained abundant magnesia. These analyses, 
which were published and discussed by Mr. Clark,' will be considered in detail later. They at 
once suggested that crinoids generally might be highly magnesian and so play an important 
part in the formation of magnesian limestones. 

In order to settle this question Mr. Clark suppUed us with 24 specimens of recent crinoids, 
representing 21 genera and covering a wide range of locahties. These were analyzed by Mr. 
TVteeler, and the analyses confirmed the original supposition. All the specimens contained 
magnesium carbonate in notable proportions but varying in a most remarkable manner. The 
data obtained are in detail as follows, beginning with the list of the specimens studied: 

1. Ptilocrinus pinruUua A. H. Clark. Albatross staiion 3342, off the Queen Charlotte Islands, Britdah Columbia; 
latitude, 52** 39^ 30^-^ N.; longitude, 132** 38' W.; depth of water, 2,858 meters; bottom temperature, 1.83** C. Mean of 
two analyses. 

2. Flarametra asperrima Clark. Albatross station 3070, off the coast of Washington; latitude, 47** 29^ 30^' N.; 
longitude, 125® 43' W.; depth, 1,145 meters; bottom temperature, 3.28** C. 

3. Psaihyrometra fragilis Clark. Albatross station 5032, Yezo Strait, Japan; latitude, 44** Od'N.; longitude, 145** 
30^ E.; depth, 540-959 meters; bottom temperature, 1.61° C. 

4. PenUimetrocrinus japonicus P. H. Carpenter. Albatross station 5083, 34.5 miles off Omai Saki light, Japan; 
latitude, 34** 04' 20" N.; longitude, 137** 57' 30" E.; depth, 1,123 meters; bottom temperature, 3.39** C. 

5. CapUlaster miUtiradiata Linn^. Albatross station 5137, Philippine Islands near Jolo, 1.3 miles from Jolo Light; 
latitude, 6** 04' 25" N.; longitude, 120** 58' 30" E.; depth, 36 meters; no temperature record. 

6. Pachylometra patiUa Carpenter. Albatross station 5036, Philippine Islands, North Balabac Strait, 15.5 miles 
from Balabac Light; latitude, 8** 06' 40" N.; longitude, 117** 18' 45" E.; depth, 104 meters; no temperature record. 

7. Catoptometra ophiura Clark. Same locality as No. 6. 

8. Hypalocrinus naresiantis Carpenter. Albatross station 5424, Philippine Islands, 3.4 miles off Cagayan Island, 
Jolo Sea; latitude, 9** 37' 05" N.; longitude, 121** 12' 37" E.; depth, 612 meters; bottom temperature, 10.22** C. 

9. Parametra granulata Clark. AlbaJtross station 5536, Philippine Islands, between N^ros and Siquijor, 11.8 
miles from Apo Island ; latitude, 9° 15' 45" N. ; longitude, 123** 22' E. ; depth, 502 meters; bottom temperature, 11.95° C. 

10. Craspedometra anceps Carpenter. Albatross station 5157, 3.3 miles from Tinakta Island, Tawi Tawi group, 
Sulu Archipelago; latitude, 5** 12' 30" N.; longitude, 119** 55' 50" E.; depth, 32 meters; no temperature record. 

11. PtiloTnetra millleri Clark. Sydney Harbor, New South Wales, Australia; latitude, 33** 15' S.; longitude, 151** 
12' E., approximately. 

12. Hathrometra dentata Say. Fish Hawk station 1033, off Marthas Vineyard, Mass.; latitude, 39** 56' N.; longi- 
tude, 69** 24' W.; depth, 329 meters; bottom temperature, about 7.8** C. 

13. Byihocrinus robustus Clark. Albatross station 2401, Gulf of Mexico, southeast of Pensacola; latitude, 28** 38' 30" 
N.; longitude, 85** 52' 30" W.; depth, 255 meters; no temperature record. 

14. Cnrumetra concinna Clark. Albatross station 2324, north of Cuba; latitude, 23** lO' 35" N.; longitude, 82** 20' 
24" W.; depth, 59 meters; bottom temperature, 26.17** C. 

15. Isocrirms decorus Wyville Thomson, stem. Off Habana, Cuba; latitude, 24® N.; longitude, 82** W.; approxi- 
mately. 

16. Same as No. 15, arms. 

17. Endoxocrinus parrx Gervais, stem. Off Habana, Cuba. 

18. Same as No. 17, arms. 

19. Tropiometra picta G&y. Rio de Janeiro, Brazil; latitude, 25** 54' S.; longitude, 44** W., approximately. 

20. Promachocrinus kerguelensis Carpenter. Shores of the Antarctic Continent in the vicinity of Gaussberg; 
latitude, 67** S.; longitude, 90** E., approximately; depth, 350-400 meters; bottom temperature, —1.85** C; salinity of 
water, 3.3 per cent. 

1 Field Columbian Mus. Pub. Ul, p. 31. « U. S. Nat. Mus. Proc., vol. 39, p. 487, 1911. 
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21. Anthometra adriani Bell. Same locality as No. 20. Nos. 20 and 21 were collected by the ( 
Expedition. 

22. Zygometra microdiscus Bell. Am Islands, near the western point of New Guinea; latitud 

23. Chlorometra nigosa A. H. Clark. Near Rotti, Lesser Sunda Islands; latitude, 10® 39^ S. ; Ion 
depth, 520 meters. 

The actual analyses are as follows. Sulphates were not determined becai 
was msufficient. 

Analyses ofcrinoid skeletons. 



1 


2 


3 


4 


SiO, 


1.64 
1.07 
3.08 

40.65 
.11 

51.45 


0.04 

.34 

3.60 

40.37 

.21 

53.75 


1.11 
1.01 
3.12 

34.20 
Trace? 

60.04 


0.37 


( Al. Fe)oO, 


.71 


Ugb 


3. 76 


CaO 




p,o. 


.4C 


lenition . , , , . . , ^ r 


55. 2£ 


•*0*** •***'**" •••••••••••••-••••••••••••*-••--••-•••••-•••••••••• 




COo needed 


98.00 
35.23 
16.22 


98.36 
35.48 
18.27 


99.48 
31.37 
28.67 


98.9$ 
34.01 


Orffftnip matter, etc 


21.24 








7 


8 


9 


10 


SiO. 


0.04 

.79 

4.64 

40.75 

.33 

51.80 


0.07 

.09 

4.44 

45.86 

Trace. 

48.32 


0.40 

.50 

4.48 

41.79 

Trace. 

51.44 


0. IS 


(Al.Fe),0. 


.IS 


MeO 


5.12 


CaO 


42.77 


p,0- 


.11 


Itznition ••• 


60. 2J 






COo needed 


98.35 
36.81 
14.99 


98.78 

41.27 

7.05 


98.61 
37.77 
13.67 


98. 6S 
39.1'; 


Onranio matter. et.c - - 


11.1] 








13 


14 


15 


16 


SiOj 


0.40 

.31 

4.56 

47.08 

Trace. 

47.17 


0.04 

.25 

4.75 

41.78 

Trace. 

50.33 


0.03 

.07 

5.08 

45.67 

Trace. 

47.54 


0.0( 


(Al Fe)oO, 


.1( 




4.7( 


CaO 


42.77 




Trace' 


, •'«.«: 

Iirmtion 


50.5$ 






COo needed 


99.52 

41.93 

5.24 


97.15 
38.00 
12.33 


98.39 
40.40 

7.14 


98.34 
38.7] 


Or&ranic matter, etc 


11.8^ 








19 


20 


21 


SiOj 


0.02 

.35 

4.51 

39.57 

.10 

53.64 


0.02 

.45 

3.02 

40.68 

Trace. 

54.53 


0.2c 


(Al.Fe),0, 


.37 


MeO 


3.27 


CaO 


42. 4J 


p„o, 


Trace 


~, 2^5' ••••-•--••••-••• -- 

Ignition 


52.21i 








CO^ needed 


98.19 
36.05 
17.59 


98.70 
35.18 
19.35 


98.5? 
37. OJ 


Oreaiiic matter, etc 


15.1^ 







The summation in most of these analyses is low. The deficiency is due irn 
or adherent sea salts, an inevitable impurity, as was proved in the analyses 
samples. In No. 15, 1.27 per cent of water-soluble salts was found, and in N 
cent. These additions raise the summations to 99.66 and 99.54 per cent, respc 
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The reduced analyses are as follows, rejecting organic matter and water and recalculating 
to 100 per cent: 

Reduced analyses. 



SiOj. 

(Al, Fe O3 

MgCO,-. 

CaCO, ; 88.48 



CasPA 



1 


2 


3 


4 


5 

1 

i 


« 
6 


2.01 


0.05 


1.57 


0.48 


0.21 


0.14 


1.31 


.48 


1.41 


.91 


.78 


.74 


. 7.91 


9.44 


9.25 


10.15 


12.69 


12.20 


' 88.48 


89.45 


87.77 


87.34 


86.32 


85.81 


.29 


.58 


Trace? 


1.12 


Trace. ' 


1.11 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 




11 



12 



0.21 


5.73 


.24 


.56 


11.13 


9.36 


87.94 


83.47 


.48 


.88 



100.00 ' 100.00 



(Al>e),0,. 
MgCO,.... 
OaCO, . . . . . 

CaaPA-- 



13 


14 


15 


16 


17 


0.42 

.33 

10.09 

87.16 

Trace. 


0.05 

.30 

11.69 

87.96 

Trace. 


0.03 

.08 

11.69 

88.20 

Trace. 


0.10 

.21 

11.42 

88.27 

Trace. 


0.04 

.21 

11.62 

88.13 

Trace. 


100.00 


100.00 


100.00 


100.00 


100.00 



19 



,SiOj 0.02 

( Al, Fe)a03 : I .43 

MgCOj 11.17 

CaCO. 87.51 

CJa^PaOg 27 



20 



0.02 

.57 

7.86 

91.55 

Trace. 



21 



0.28 

.44 

8.23 

91.05 

Trace. 



22 



0.05 

.62 

13.37 

85.48 

.48 



100.00 



100.00 



I •■ 



100.00 



100.00 



18 



0.17 

.29 

11.96 

87.58 

Trace. 

100.00 



23 



0.06 

.27 

9.87 

89.80 

Trace. 



100.00 



With these analyses the two made by Mr. Palmer may be advantageously compared, 
although they were not quite so elaborate. The data are as follows: 

24. Heliometra glacialis var. maxima. Iwanai Bay, northeastern part of the Sea of Japan, latitude, 43® 01^ 40^' N.; 
depth, 315 meters; temperature, surface, 20.5® C, bottom, 1.5® C. 

25. Metacrinus rotundus. Eastern Sea, off Kagoehima Gulf, southern Japan, latitude, 30® 58^ 30''' N.; depth, 278 
meters; temper atiu^, surface, 27.8® C, bottom, 13.3® C. 

In No. 24, which contained much organic matter, Mr. Palmer found 2.68 per cent MgO 
( = 5.61 MgCOs) and 40.03 CaO ( = 71.48 CaCOg). In No. 25, with no organic matter, ho found 
4.89 MgO ( = 10.29 MgCOg) and 49.95 CaO ( = 89.19 CaCOs). Assuming that the crmoid skele- 
tons consist essentially of carbonates, and recalculating to 100 per cent, we have as the content 
of magnesium carbonate in these crinoids — 

Per cent. 

24. Heliomeira glacialis var. maxima 7. 28 

25. Metacrinus rotundus 10. 34 

These figures fit in weQ with the others and even by themselves suggest a relation between 
temperature and the magnesia content of crinoids. In the following table the entire series is 
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arranged in the order of aacendiog magnesium carbonate, with the accessory data as to latitude 
and locality abbreviated. In this table the two analyses of Endoxocrinua are averaged together, 
and so abo are the two of Isocrinus. 

Percentage of mag-netimi earhftnatr. in crimndf. 



The percentage of magnesium carbonate in Odorometra is low for the latitude of the 
locality, but that is doubtless due to the depth of the water (520 meters) in which the crinoid 
lived. The probable temperature at that depth was between 7° «nd 10° C. 

From the forgoing table it is perfectly clear that the' proportion of magnesium carbonate 
in crinoids is in some way dependent on temperature. Temperature, however, is not entirely 
dependent on latitude. Depth of water has also a distinct influence. The crinoids from rela- 
tively shallow deptlis in the Tropics are highest in their magnesian content; those from the 
Antarctic and the far north are lowest. The proportion given for No, 12, from the coast of 
Massachusetts, is probably too low, for the specimen as analyzed contained over 6 per cent of 
sihca and sesquioxides — evident impurities, due to adherent mud from which the deUcate struc- 
ture could not be wholly freed. If these are rejected, the magnesium carbonate is raised from 
9.36 to 10 per cent, which gives the crinoid a better and more probable rating. 

So far as we are aware such a peculiar relation between temperature and composition as 
is here recorded has not been previously observed. To recognize it is one thing; to account for 
it is not so easy. At first we supposed that it might possibly be due to a difference in the form 
of the more abundant carbonate — the less stable aragonito in the warm-water forms and calcite 
in the crinoids from colder regions. But tests by Meigen's reaction proved that the organisms 
were all calcitic, and so this supposition bad to be abandoned. 

Mr. A. H. Clark, who is an authority on the crinoids, mforms us that the crinoids from 
warm regions have the most compact skeletons, the compactness being in general proportional 
to the temperature and to some extent dependent upon the size of the individual, Heliometra, 
for example, is the largest of the crinoids, its skeleton is one of the least compact, and its mag- 
nesian content is lowest among all the species examined. Structure as well as temperature seems 
to be correlated with the proportion of magnesia in the crinoids, but the chemical explanation of 
the facts is yet to be found. It may have connection with the gaseous content of sea water, 
carbon dioxide, for example, being more soluble in warm than in cold waters, but this is only a 
suggestion, which may or may not be fruitful. The same regularity of temperature also appears 
in our analyses of alcyonarians. 
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FOSSIL CRINOID8. 

In order to make this investigation more systematic it seemed desirable to analyze a 
nimiber of fossil crinoids, so as to determine whether any definite and regular changes could 
be traced in passing from the recent to the ancient organisms. For the material studied we 
are indebted to the kindness of Mr. Frank Springer, who selected the material with great care 
so as to cover a range of horizons from the Lower Ordovician up to the Eocene. The 10 crinoids 
chosen are described in the list below, and the analyses which follow were made in the 
same way as those of the modem species. 

1. Pentacrinus decadactyliis D'Orbigny, stem. Eocene, Vincenza, Italy. 

2. Millericrinus mesjnliformis Goldfuss, stem. Upper Jurassic, Kelheim, Bavaria. 

3. Pentacrinus basaltiformis Miller, stem. Middle Lias (Lower Jurassic) Breitenbaoh, Wurttemberg, Germany. 

4. EncrintL8 lUiiformis Lamarck, stem. Triassic, Braunschweig, Germany. 

5. Graphiocrinus magnificus Miller and Gurley, complete crown. Pennsylvanian (upper Carboniferous), Kansas 
City, Mo. 

6. DorycrintLS unicornis Owen and Shumard, calyx and stem. Lower part of Burlington limestone, Mississippian 
(lower Carboniferous), Burlington, Iowa. 

7. Megistocrinus nodosum Barris, plates. Middle Devonian, Alpena, Mich. 

8. Eucalyptocrinus crassu>Sj plates. Silurian, western Tennessee. 

9. Crinoid sp.?, stem. Trenton limestone, Middle Ordovician, Kirkfield, Canada. 
10. Diaboloerinv^ vesperalis White, plates and stem. Lower Ordovician, Tennessee. 

Analyses of fossil crinoids. 



10 



SiOj. 

^Al^Ve)A-.. 

MnOV.V.".'*.!!! 

MgO 

CaO 

P2O, 

Loss on igmtion 



1 


2 


3 


4 


5 


6 


7 


8 


9 


0.99 


2.84 


L66 


0.24 


3.07 


6.92 


10.39 


29.11 


2.56 


2.84 


.28 


2.59 


.43 


2.18 


.64 


.87 


L73 


.31 


L36 


.00 




.00 


L32 


.00 


L19 


.27 


.00 


.13 


.00 




Trace. 


.15 


Trace. 


.16 


.04 


Trace. 


.78 


.38 


.84 


9.44 


.78 


.38 


L21 


.58 


.91 


6L22 


53.68 


5L78 


43.40 


50.10 


5L20 


46.57 


37.43 


53.87 


.00 


Trace. 


.09 


Trace. 


Trace. 


Trace. 


Trace. 


.00 


Trace. 


42.80 


42.93 


43.21 


45.95 


4L71 


4L00 


39.20 


30.71 


42.45 


99 92 


100.11 


100.06 


99.46 


99.32 


100.14 


99.59 


99.87 


100.10 



4.07 

L95 

.88 

.04 

.79 

50.42 

Trace. 

4L53 

99.68 



Reduced analyses. 



810^ 

MnCO,.... 
MgCO,.... 
CaCO,.... 

Ca^PA" 



LOO 
2.66 
2.21 

.21 

L66 

92.26 

.00 



100.00 



2.85 
.28 
.00 
.00 
.80 
96.07 
Trace. 



100.00 



L57 
2.64 



L79 

93.80 

.20 



100.00 



0.24 

.44 

.00 

Trace. 

20.23 

79.09 

Trace. 



100.00 



3.11 

2.22 

2.16 

.24 

L66 

90.61 

Trace. 



100.00 



6 



6.94 

.64 

.00 

Trace. 

.80 

9L62 

Trace. 



100.00 



10.48 

.88 

L94 

.26 

2.56 

83.88 

Trace. 



100.00 



8 



29.30 

L74 

.43 

.06 

1.23 

67.24 

.00 



100.00 



9 



2.55 

.30 

.00 

Trace. 

LOO 

95.25 

Trace. 



100.00 



10 



4.10 

1.97 

L42 

.06 

1.67 

90.78 

Trace. 



100.00 



In some respects these analyses are imsatisfactory, for they show no regularities of any 
kind. In only one of them, No. 4, is there exhibited a concentration of magnesium carbonate; 
in the others the percentage of this constituent is very low. The reason for this decrease of 
magnesia is by no means clear. It is conceivable that the ancient crinoids may have been 
deficient in magnesia, but it is more probable that the loss is due to alteration, perhaps to the 
infiltration of calcium carbonate. Such a change would obviously lower the apparent pro- 
portion of magnesium carbonate. Several of the crinoids contain noteworthy quantities of 
ferrous carbonate and manganese — constituents which did not appear in the analyses of the 
modem species. In No. 8 there is a very strong silicification, 29.11 per cent; but the matrix 
of the specimen contained only 7.55 per cent of silica. Here the infiltration of the impurity 
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seems to be very clear. Some of the deficiencies in magnesia may have been causi 
and leaching, but calcium carbonate should then have been removed to a great< 
short, the fossil crinoids differ widely in composition from the still living species, 
irregular manner, and it is worth noting that in three analyses of fossil algae reportec 
a similar decrease of magnesia appears. It woidd be easy to speculate on the 
these differences, but the conclusions so reached would not be entitled to much y 
the recent crinoids are distinctly magnesian and that the proportion of magnesia 
in some way on temperature are the two positive results of this investigation. 

2. SEA XTBCHINS. 

Nine sea urchins, selected for us by Mr. Austin H. Clark, were analyzed, 
chosen were as follows: 

1. Strongylocentrotus drobachierms O. F. MQller. Upemivik, Greenland, latitude 72° 48^ N. 

2. Strongylocentrotus fragilis Jackson. Albatross station 2946, off southern California; latitude, 
longitude, 119° 30' 4b^^ W.; depth of water, 274.5 meters; bottom temperature, 13.6° C. 

3. Echinarachniiis parma Lamarck. Coast of New England. 

4. Ejicope oalifomica Verrill. Galapagos Islands, on or near the Equator. 

5. Lytechinus anamesus H. L. Clark. Albatross station 2938, off Wilmington, Cal.; latitude, 33° J 
tude, 118° 08' 30^'' W.; depth, 86 meters; bottom temperature, 15° C. 

6. Loxechintis albiu Molina. Port Otway, Patagonia; latitude, about 46° or 47° S. 

7. Tetrapygus niger Molina. Coast of Peru. 

8. Tretoddaris affinis Philippi. Albatross stations 2316 and 2317, off Key West, Fla.; latiti 
longitude, 81° 47' W.; depth, 85 meters; bottom temperatiure, 24° C. 

9. HeteroeerUrotus Tnammillatus Linn6. Low or Paumotu Archipelago, southern PacIQc Ocean; ] 
14° and 24° S. 

The following analyses differ from those previously published * in being n 
and in the correction of certain errors of calculation: 

Analyses of sea urchins. 



SiO«. 

(Al>e),03 

MgO 

CaO 

SO, 

P20« 

Ignition 

COa needed 

Organic matter, etc. 



1 


2 


3 


4 


5 


0.12 


0.26 


0.14 


3.86 


8.52 


.34 


.65 


.27 


5.03 


3.01 


2.58 


2.68 


2.97 


4.75 


3.04 


47.34 


41.08 


49.17 


43.42 


37.92 


.20 


1.15 


.26 


.28 


.37 


Trace. 


.39 


.05 


Trace. 


.19 


48.53 


52.21 


45.74 


43.01 


45.38 


99.11 


99. 42 


98.60 


99.35 


98.43 


39.92 


34.20 


41.71 


38.99 


32.28 


8.61 


18.01 


4.03 


4.02 


13.10 



Rejecting the very variable organic matter, etc., the reduced analyses assimic 
form: 

Reduced analyses. 



SiO-. 

(Al,Fe)203 
MgCO,!'..! 

CaCOj 

CaS04 

CajPA... 



1 


2 


3 


4 


5 


0.13 


0.32 


0.15 


3.99 


9.93 


.37 


.81 


.29 


5.20 


3.51 


5.99 


6.95 


6.59 


10.38 


7.44 


93.13 


88.44 


92.39 


79.94 


77.91 


.38 


2.42 


.46 


.49 


.73 


Trace. 


1.06 


.12 


Trace. 


.48 


100.00 


100.00 


100.00 


100.00 


100.00 



1 Neues Jahrb., 1894, Band 1, p. 252. 

* Clarke, F. W., and Wheeler, W. C, The inorganic constituents of echinoderms: U. 8. Geol. Survey Prof. Paper 90, j 
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Sea urchins Nos. 8 and 9, Tretoddaris and Heterocentrotus, must be considered separately 
from the others. No. 9, a giant form, was the subject of four analyses, the shell or test, the 
dental pyramid, the small white spines on the border of the peristome, and the largo purplish- 
red spine. The large red spine analyzed was 15 centimeters long and weighed 13 grams. 

Analyses of Ileterocentrotus mnmmillatus. 





Shell. 


Dental 
pyramid. 


Whito 
spines. 


Red spines. 


SiOj. 


0.02 

.13 

5.21 

43.60 

.61 

Trace. 

49.62 


0.02 

.08 

5.50 

46.02 

.58 

Trace. 

47.00 


0.05 

.13 

3.74 

48.26 

.29 

Trace. 

46.46 


0.05 


( Al,Fe)oO, 


.26 


MeO 


4.47 


CaO 


47.72 


SO, 


.78 


pA 


Trace. 


Ignition 


45.90 






COo needed 


99.19 

39.66 

9.96 


99.20 

42.89 

4.11 


98.93 

41.77 

4.69 


99.27 
41.49 


Organic matter, etc 


4.50 


Reduced analyses. 


SiO, 


0.02 

.14 

12.26 

86.42 

1.16 

Trace. 


0.02 

.09 

12.27 

86.57 

1.05 

Trace. 


0.05 

.14 

8.32 

90.97 

.52 

Trace. 


0.05 


^ ALFe),0, 


.28 


MgCO, 


9.86 


CaCO, 


88.43 


CaSO. .^ 


1.38 


Ca,P,0. 


Trace. 


*-"^*- 2^^8* •••• 






100.00 


100.00 


100.00 


100.00 



From these analyses we see that the inorganic constituents of Heterocentrotus are not 
uniformly distributed. The shell and teeth are aUke and are rich in magnesium carbonate; the 
coarser spines are much less magnesian. The composition of the entire skeleton, if it can be 
called so, would probably be somewhere near that of the red spines alone, only a little higher 
in magnesia. 

A similar example is offered by No. 8, Tretoddaris. In the specimen analyzed the shell 
and spines were taken separately, btit the spines were dead when the urchin was collected. 
The analyses are as follows : 

Analyses of Tretoddaris affinis. 



Actual analyses. 



Shell. 



SiOj 0.11 

(Al,Fe)303 .15 

MgO 4.02 

CaO ! 45.80 

SO, .57 

PaOft Trace. 

Ignition 48. 32 

98 97 

CO2 needed 4o! 09 

Organic matter, etc 8. 23 



Spines. 



0.53 

.14 

2.07 

49.79 

Trace. 
46.28 



98.81 

41.40 

4.88 



Reduced analyses. 



Shell. 



SiOj 0. 12 

(Al,Fe)203 .16 

MgCOa 9.30 

CaCOa 1 89.35 

raS04 ! 1.07 

CaaPaOg ! Trace. 



Spines. 



0.56 

.15 

4.63 

94.66 

(?) 
Trace. 



100.00 



100.00 



ECHINODERMS. 

Here again the spines are lower in their content of magnesia than the shell. 

In two of the analyses, Nos. 4 and 5, large percentages of silica and sesqu 
These are due to inclosed or adherent sand and mud, which were visible in the 
not readily removable. On rejecting these impurities and recalculating to 10( 
percentages of magnesium carbonate became 1 1 .43 and 8.59, respectively. Simila 
the other analyses are negligible. After making these corrections and assuming 1 
found for the shell rather than the spines in Nos. 8 and 9, the next table has be( 
If, however, the composition of the entire Ileterocentrotus should be taken, it 
places with Encope. 

Percentage of magnesium carbonate in sea urchins. 



Strongylocentrotus drobachiensis 

Tetrapygus 

Echinarachnius 

Strongylocentrotua fragilis 

Loxechinufi 

Lytechinus 

Tretocidaris 

Encope 

Heterocentrotus 



Localitv 



Greenland . . . 

Peru 

New Enjgland 

California 

Patagonia. . . 

California 

Key West 

Paumotu 

Galapagos 



Latitude. 


72° 


4S' W 


42° 




45^ N 


33° 


58^ N 


46° 


47^ S 


33° 


35' N 


24° 


25' N 


14° 


24' S 


Equator 



Depth. 




Tei 
t 



These figures, like those for the crinoids, seem to show a regidar variation i 
at least so far as temperatures have been determined or can be inferred. The se 
cold regions are relatively low in magnesia; those from the Tropics are high. TTi< 
one apparent exception — the urchin from Peru. This abnormality is probably ( 
Humboldt current which flows northward from the Antarctic Ocean. A larger se: 
of sea urchins, with more details as to depth of water and temperatures, is much t 

Two published analyses of sea urchins are worth reproducing. They are: 

1. Echinus {Strongylocentrotusf) drobachiensis. North Sea; analysis by L. Schmelck. Norske '. 
No. 28, p. 129, 1901. 

2. Echinus esculent us. Locality not stated, probably Mediterranean; analysis by O. Btttschli. 

Gottingen Abh., No. 3, 1908. 

Older analyses of sea urchins. 



Actual analyses. 



SiO^ 

AlA 

FeA 

CaCO, 

MgCOa 

PA 

Phosphate 

CaSO^ 

CaS0..2Il2()... 
H,0........... 

Organic matter. 



Trace. 
Trace. 

0.30 
77.75 

5.30 
Trace. 



Trace. 



16.33 



99.68 



2 



0.04 



86.40 
8.53 



.08 



1.70 

2.45 

.03 

99.23 



Keduced analvses. 



SiOg.... 

AlA--- 
Fe205 . . 
MgCOa . 
CaCOa. . 
CaSO^ . . 
CaaP^Og 



Although different in minor details these analyses arc fairly comparable w 
urchin analyzed by Schmelck was from the far north, and its composition is vei 
our specimen from Greenland. Biitschh's sea urchin is doubtless from warmer w 
the higher figure for magnesium carbonate. 
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3. STABFISHES AND BRITTLE STABS. 

Eleven starfishes, including brittle stars, were analyzed, as follows: 

1. Asterias vulgaris Packard. Eastport, Maine; latitude, 44** 55'' N.; longitude, 67® 00^ W. 

2. Asterias tanrutri Verrill. Albatross station 2309; latitude, 35** 43^ 30^^ N.; longitude, 74° 52' W.; depth, 102 
meters; bottom temperature not given. 

3. Asterina miniata Brandt. Pacific Grove, Cal. ; latitude, 36'' 36' N.; longitude, 121° 55' W. 

4. I^vtasterias compta Stimpson. Albatross station 2250; latitude, 40° 17' 15" N.; longitude, 69° 51' 45" W.; 
depth, 86 meters; bottom temperature, 10.8° C. 

5. Benthopecten spinosus Verrill. Albatross station 2568; latitude, 39° 15' 00" N.; longitude, 68° 08' 00" \V.; 
depth, 3,249 meters; bottom temperature, 2.7° C. 

6. Luidia clathrata Say. Near Charleston, S. C; latitude, 32° 47' N.; longitude, 79° 57' W.; depth, between 
2 and 22 meters. 

7. Aeanthaster planci Linn^. Palmyra Island, in the Pacific Ocean, west of south from Hawaii; latitude, 5° 49' N. 

8. Gorgonocephalus arcticus Gray. Off Cape Cod, Mass.; about latitude 42° N. 

9. Gorgonocephalus caryi Lyman. Alaska. 

10. Ophioglypha sarsii LQtken. Albatross station 2176; latitude, 39° 32' 30" N. ; longitude, 72° 21' 30" W. ; depth, 
553 meters; bottom temperature, 5° C. 

11. Ophioderma cinereum Mtiller and Troschel. Ensenada Honda, Culebra Island, east of Porto Kico; latitude, 
18° 20' N., approximately. 

The last locality is in or on the edge of the equatorial current. The AJhdtross stations were 
all fixed on cruises between Cape Hatteras and Nantucket. The analyses are as follows: 



Analyses of starfishes. 



SiOo, 

(Al,fre),0, 

MgO 

CaO... 

SO. 

f^'aon.;;.::::;:: 

CO, needed 

Organic matter, etc . 



1 


2 


3 


4 
1.21 


5 


6 


7 
0.19 


8 


9 
1.08 


10 


0.45 


0.79 


0.03 


2.06 


0.27 


1.77 


0.98 


.21 


.55 


.20 


.48 


.79 


.36 


.14 


.62 


.72 


.53 


2.59 


3.83 


3.98 


3.05 


3.93 


4.89 


4.36 


3.36 


2.82 


3.99 


36.71 


38.51 


36.85 


30.35 


40.54 


41.30 


33.18 


36.13 


29.80 


42.14 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


.69 


(?) 


.07 


.24 


.14 


.13 


.11 


.14 


.07 


.22 


.32 


.29 


60.18 


54.89 


57.64 


63.91 


51.66 


52.03 


62.07 


55.72 


63.37 


50.95 


99.21 


98.81 


98.84 


99.13 


99.09 


98.99 


100.01 


97.82 


98.80 


98.88 


30.84 


34.30 


33.05 


27.08 


35.94 


37.70 


30.81 


31.65 


25.85 


37.29 


29.34 


20.59 


24.59 


36.83 


15.72 


14.33 


31.26 


24.07 


37.52 


13.66 
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0.21 

.09 

5.80 

4L32 

.16 

.07 

5L58 



99.23 
38.69 

12.89 



Reduced analyses. 



SiOj. 

(Al,Ve)oO, 
MgCOs.... 
CaCOj. - . . 

CaS04 

CajPjOn... 



1 


2 


3 


4 


5 


6 




8 


9 


1 
10 


0.64 


1.01 


0.03 


1.94 


2.47 


0.32 


0.27 


2.39 


1.76 


1.15 


.30 


.70 


.27 


.77 


.94 


.42 


.20 


.84 


1.17 


.62 


7.79 


10.28 


11.24 


10.27 


9.88 


12.13 


13.33 


9.53 


9.66 


9.84 


91.06 


87.44 


88.06 


86.57 


86.42 


86.77 


85.99 


86.60 


84.36 


87.65 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


(?) 


1.91 


(?) 


.21 


.57 


.40 


.45 


.29 


.36 


.21 


.64 


1.14 


.74 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 



11 



0.24 

.11 

14.08 

85.09 

.30 

.18 

100.00 



ECHINODEBMS. 



In the following table the analyses are arranged in the order of ascen 
carbonate, like those of the sea urchins and crinoids: 

Percentage ofmagnedum carbonate in starfishes. 



Species. 



Locality. 



Asterias vulgaris 

Gorgouocephalus arcticus 
Gor^nocephalus caryi. . . 

Opmoglypna saraii 

Benthoperten spinosus. . . 

I^ptaBterias compta 

Asteriafl tanneri 

Asterina miniata 

Luidia clathrata 

Acanthafiter planci 

Ophioderma cinereum — 



Eastport 

Cape Cod 

Alaska 

Station 2176.... 
Station 2568.... 
Station 2250.... 
Station 2309.... 

California 

Charleston 

Palmyra Island 
C ulebra 



Latitude. 



44° sy N 

42° ± N. 

(?) 

39° 32^ N 

39° \f/ N 
40° 17^ N 
35° 43^ N 
36° 38' N 
32° 47' N 
5°49'N. 
18° 20^ N 



Depth. 



Meters. 

(?) 

(?) 

(?) 
553 

3,249 

86 

102 



(?) 
(?) 
(?) 
(?) 



Here again we meet the same coordination of temperature with conter 
carbonate that was noted among the other echinoderms. The starfishes from 
lowest in magnesium carbonate ; those from warm regions run higher. Wheth 
coordination is general or not is still an open question, for several analyses bj 
forms from the North Sea are not easy to explain. Schmelck's data are as fol 

1. Astrophyton; an ophiuran. Station 37; latitude, 78° 48' N.; longitude, 8° 57' E.; depth 
bottom temperature, 1.1° C. 

2. Arcaster tenuispinus. Station 10; latitude, 61° 41' N.; longitude, 3° 19' E.; depth, 402 
perature, 6° C. 

3. Arcaster tenuispinus. Station 25; latitude, 63° 10' N.; longitude, 5° 25' E.; depth, 179 
perature, 6.9° C. 

4. Astropecten andromeda. Station 10; details under No. 2. 

Schmelck^s analyses of starfishes. 



SiO 

AljO, 

FeaO. 

MgCOa 

CaCOa 

CaS04 

P2O5., 

Organic matter 



1 


1 



Tnjce. 


Trace. 


Trace. 


Trace. 


0.31 


0.31 


7.60 


9.36 


74.82 


74.11 


.71 


(?) 


Trace. 


Trace. 


17.57 


16.23 


101.01 


100.00 



Schnulck's analyses reduced. 



SiOo.... 
AljOa... 
FeaO,. . . 
MgCOa.. 
CaCOg... 
CaS04... 
.CajPjOg. 



1 


i 
2 


Trace. 


Trace. 


Trace. 


Trace. 


0.37 


0.36 


9.11 


11.18 


89.67 


88.46 


.85 


(?) 


Trace. 


Trace. 


100.00 


100.00 



1 Norske Nordhavs Exped. No. 28, p. 129, 1901. 
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2 and 4 of this group of analyses represent the same locality and temperature. If 
rive and surely extraneous silica in No. 4 is rejected and the analyses are recalculated 
r cent the figure for magnesium carbonate becomes 11.41, nearly that for No. 2. All 
Qtages given for magnesium carbonate are higher than the temperatures would lead 
3ct, but they still fall far below the three highest in our table. A general tendency to 
as regards temperature is evident, but it is perhaps not invariable. More data rela- 
irfishes are much to be desired. 

4. HOLOTHUBIANS. 

)ugh the holothurians are of slight importance as contributors to the marine sediments, 
desirable to compare a few of them with the other echinoderms. Four holothurians 
efore analyzed, but their organic matter was so vastly in excess of their hard parts 
inalyses, with one exception, are far from satisfactory. However, the data, which are 
ut some significance, are as follows: 

thuria floridana Pourtal^s. Fajardo, Porto Rico. 

.nwria frondosa (Gunnerus). A northern cold-water species, precise locality unknown. 

hostoma intermedium Ludwig. Off Cersoe Island, Cal. Weight of sample, 0.2204 gram. 

hoBtoma intermedium. Albatross station 3307, in Bering Sea; latitude, 56° 12^ N.; longitude, 172** b^^ W.; 

ter, 130 meters; bottom temperature, 3.3*^ C. Weight of sample, 0.1175 gram. 

Analyses of holothurians. 





1 


2 


3 


4 


. 


0.08 

.18 

3.48 

25.19 

Trace. 

.74 

69.93 


0.27 
.25 
.41 

1.10 
.85 

1.29 
95.71 


5.56 
8.40 
1.81 
4.91 
3.15 

(?) 
76.71 


6.93 


• ■••••.•••••••.••••*...••••-••••••••••••••••.•••.•••..•.. 


6.31 




L36 




1.44 




1.86 




(?) 
82.21 










99.60 
23.21 
46.72 


99.88 

il! 


100.54 

SI! 


100.11 

(?) 
(?) 


bter, etc 



0. 2, 0.31 per cent of matter soluble in water was found, which raises the summation 

ese analyses only the first is reducible with any certainty to standard form. The per- 
^mposition of the inorganic portion of the specimen then becomes — 

a 15 

e)203 34 

)3 ^ 13.84 

3 83. 29 

4 2.38 

Og Trace. 

100.00 

is very near the analysis of the starfish.from Culebra Island, which is not far from the 
' this holothurian. The coincidence is very striking. 

e specimen represented by analysis 2 the proportion of inorganic matter was so small 
results could hardly be obtained. The other two analyses were also made with alto- 
dequate material. These analyses, however, show that the small inorganic portions 
othurians are relatively rich in phosphatic matter and in magnesia. The difiiculties 
ing them intelligently are hke those of discussing the worm tubes and the axes of 
ins. In Trochostoma there are brown spots, which were already known to be phos- 
ihough quantitative analyses of them seem to be lacking. The true character of such 
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bodies can be determined only by an elaborate investigation upon abundant material, a task 
which lies outside of our main problem. 

Two analyses of holothurians are already on record, as follows: 

1. Stichopus regalis. Locality not stated; analysis by 0. Btttschli, K. Gesell. Wise. Gdttingen Abh., No. 3, 1908. 

2. Ash of the epidermis ('Mederhaut") of a large holothurian, species and locality not stated; analyEOS by Hilger. 
PflUger's Archiv. f. Physiologie, vol. 10, p. 212, 1875. 

Old analyses of holothurians. 



NajSO^ 

NaCl 

CaCOs , 81.54 

MgCdg 8.10 

CaSO, ' 

CaS04.2H20 2.09 

CaaPjOg 



9 


4.47 

.83 

78.96 

12. 10 

■ 1.04 


.96 



FeCOg.. 
H,0.... 

Sand 

SiOa.... 
Organic. 



3.67 
3.23 



1.03 



99.66 



1.02 



.57 



99.95 



These analyses, together with ours of Holothuria, show that the hard parts of these 
animals, like those of the other cchinoderms, are distinctly magnesian. Although definite 
data are wanting, it seems probable that Hilger's specimen came from warmer water than 
that analyzed by ButschU. The sodium salts are of course extraneous. 

6. SUMMARY. 

From the evidence now available it seems almost certain that the inorganic constituents 
of any echinoderm will have the composition of a moderately magnesian limestone. There may 
be exceptions, but none has yet been foimd. The foiur tables — ^for crinoids, sea urchins, star- 
fishes, and holothurians — all tell the same story, and with remarkable imanimity. Further- 
more, the proportion of magnesium carbonate appears to be a fimction of temperature, the 
organisms from warm waters being richer in it than those from cold waters. The exceptions to 
this rule are few and may be only apparent, for cold or warm currents and varying depths of 
water account for nearly all irregularities. Schmelck^s analyses of starfishes from the North 
Sea are the only ones so far which are troublesome to explain. 

The sea urchins seem to be a little poorer in magnesia than either of the other groups, but 
the analyses are fewer and therefore less conclusive. Silica and sesquioxides are probably 
altogether extraneous, although it is possible that small quantities of them may really belong to 
the organisms. In phosphate of lime the starfishes are richest, and all the specimens analyzed 
contain it in small amoimts. Whether it is an essential constituent or not is xmcertain. As 
shown by Meigen's reaction, all the echinoderms studied are calcitic, and no evidence of aragon- 
ite in them was found. 

The temperature relations shown by the analyses offer an interesting biological problem, 
with which we can not imdertake to cope. It is not due to differences of composition in the 
solid matter of sea water, for that is practically uniform the world over. In aU the great 
oceans, and even in minor bodies of water like the Mediterranean, the Baltic, and the Black 
seas, the proportion of magnesia to lime is very nearly if not actually constant. In gaseous 
contents and especially in carbon dioxide the waters vary; the gases being more Soluble in 
cold than in warm water. Whether this fact has any relation to the phenomenon imder dis- 
cussion we can not attempt to say. We can only report the facts and leave their biological 
discussion to others. 
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BRYOZOA. 

Nine Bryozoa have been analyzed in the course of this research, as follows: 

. Schizoporella unicornis Johnston. Vineyard Sound, Miuss.; depth of water, 15.5 meters; bottom temperature, 

C. 

. Schizoporella unicornis Johnston. Between Johns Pass and Pass a Grille, Fla. 

. MxcroporeUa grisea Lamouroux. Australia. 

, Cellepora incrassata Lamarck. Northeast part of the Grand Banks. 

. Flustra memhranacea truncata Smith. St. Paul Island, Pribilof group, Alaska; latitude, 57° N.; longitude, 

\\\ Only 0.1165 gram available for analysis. 

. Lepralia pallasiana MfiUer. Off Gloucester, Mass. A thin coating on a granite pebble; weight of organism, 

3 gram. 

. Catenicella margaritacea Busk. Australia. 

. Bugvla turrita Desor. Georges Bank, off coast of Massachusetts; Albatross station 2578; latitude, 41® 20' 30^'' N., 

tude, 68** 34^ 30^^ W.; depth of water, 67.7 meters; bottom temperatiu^, 12.3° C. 

. Bugula nerUina Linn^. Florida. 

The actual analyses are as follows: 



Analyses of Bryozoa. 





1 


2 


3 


4 


5 


6 


7 


8 


9 




1.65 

.29 

.28 

50.90 

Trace. 

.73 

45.64 


2.49 

.37 

2.04 

48.17 

Trace. 

.77 

45.70 


0.17 
.11 
.49 

50.83 
.10 
.79 

46.80 


0.19 

.19 

2.74 

49.36 

Trace. 

.98 

46.03 


} 3.00 

2.06 

30.81 

.09 

(?) 
61.45 


/ 4.78 

I .13 

2.32 

43.08 

.11 

(?) 


0.95 

.41 

3.50 

40.83 

.16 

1.00 

52.66 


8.77 
1.18 
2.55 

20.45 

.38 

1.47 

61.51 


6.31 


'e),Oa 


.75 


^/2^^3' ••••-•••-• -••• .......... 


2.57 




19.69 




i60 




2.43 


ion 


59.47 






leeded 


99.49 

39.92 

5.72 


99.54 

40.16 

5.54 


99.29 

39.94 

6.86 


99.49 

41.26 

5.06 


97.41 
26.39 
35.06 


50.42 
36.29 
13.29 


99.51 
35.23 
17.43 


96.31 
17.69 
43.82 


91.82 
16.41 


lie miatter. etr 


43.06 







Reduced analyses. 



'e),03. 



K 



1.77 

.31 

.63 

95.97 

Trace. 

1.32 



100.00 



2.66 

.39 

4.58 

90.97 

Trace. 

1.40 



100.00 



0.18 
.12 

1.11 

96.90 

.24 

1.45 



100.00 



0.20 

.20 

6.07 

91.77 

Trace. 

1.76 



100.00 



} 



4.82 

6.94 

87.92 

.32 

(?) 



100.00 



{ 



6 



5.52 
.15 

5.62 

88.44 

.27 

(?) 



100.00 



1.15 
.50 

8.96 

86.89 

.43 

2.07 



100.00 



8 



16.71 

2.25 

10.19 

64.51 

1.58 

4.76 



100.00 



9 



12.94 

1.54 

11.08 

63.29 

2.68 

8.47 



100.00 



Bryozoa Nos. 1 to 5 were massive coralline forms and were easily handled. No. 6, 
'oliay was an incrustation upon a pebble, from which it could not well be separated mechan- 
y. The entire specimen was therefore weighed, the bryozoan was then dissolved by hydro- 
pic acid, and the pebble was weighed again. The solution only was available for analysis, 
the udual loss on ignition could not be determined but was necessarily taken by diflference. 
I an analysis is obviously xmsatisfactory but not entirely worthless. Bryozoa Nos. 7 to 
ire delicate mossy or femlike organisms, and the poor summations of the last two indicate 
presence of undetermined saline matter. The high silica in them is evidently due to 
«ed sand. If silica and sesquioxides are rejected and the remainders recalculated to 100 
[jent the percentages of magnesium carbonate become 12.51 and 12.95, respectively. The 
nesia, however, shows no such regularity as regards temperature as appears in our series of 
Dnarians and echinodenns. The difference between the magnesian content of the two 
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specimens of ScJiizoporeUa is very striking. What this difference may signify is yet to be 
determined. 

Several other analyses of Bryozoa, complete or partial, are recorded in the literature. 
Two of them, fairly complete, were made by A. Schwager for J. Walther.^ They are as follows, 
both specimens being from the Bay of Naples: 



1. Escharafoliacea. 

2. Lepralia sp. 



Schwager *8 analyses of Bryozoa. 





A( tual analvses. 

• 




Reduced analvses. 

• 




1 


1 
2 


1 


2 


SiOj 


0.29 
.32 

1.20 
50.12 
41.06 

6.88 


2.39 
1.47 
2.22 
47.18 
39.51 
7.53 


SiOj 

(Al,Fe)203 

MgC^Oa 

CaCOa 


0.31 

.34 

2.71 

96.64 


2.58 


(Al,Fe)oOa 


1.58 


MeO 


5.02 


('aO 


90.82 


COo 




\ -vyj. ......................... 

Oreanic matter H-HoO 


100.00 


100.00 








99.87 


100.00 





The reduced analyses were computed by us from Schwager^s data. 

In Flustra foliacea from California H. W. Nichols^ found 1.23 per cent of magnesium 
carbonate, and in a bryozoan from Bermuda 5.35 per cent. Several similar determinations by 
G. Forchhammer ' on other Bryozoa gave less than 0.6 per cent. The other constituents of 
the organisms 'were not determined, and the figures given for magnesium carbonate therefore 
have little present value. 

From the evidence now at hand no broad general conclusions can be drawn. That the 
magnesian content of the Bryozoa varies widely, however, is clear, being lowest in the com- 
pact coralline forms and highest in the femlike varieties. Even this conclusion needs to be 
verified by a much larger series of analyses. 

BRACHIOPODS. 

A few analyses of brachiopod shells already on record show that they fall into two chemi- 
cally distinct groups — one calcareous, the other highly phosphatic. This conclusion is sup- 
ported and emphasized by the new data obtained by us, which also bring out some niinor 
peculiarities that seem not to have been previously observed. For our material we are indebted 
to Dr. W. H. Dall, who selected typical specimens from among the dupUcates in the United 
States National Museimi. First in order come five brachiopods representing as many genera 
in the calcareous group. The analyses are as follows : 

1. Terehratula cubensis Pourtalfes. Coaat of Florida. 

2. Terebratulina septentrionalis Gray. Eastport, Maine. 

3. Laqueus califomicus Koch. Esteros Bay, Cal. 

4. Rhynchontlla psittacea Gmelin. Shetland Islands. 

5. Crania anomala MuUer. Coast of Norway. 



1 Deutsoh. geol. Oesell. Zeltschr., p. 338, 1885. 
50364°— 17 3 



« rield Columbian Mus. Pub. Ul, p. 31, 1906. 



• Neues Jahrb., p. 854, 1852. 
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Analyses of calcareous hrachiopods. 



SiO^ 

(Al,Fe)203 

MgO 

CaO 

SO, 

PA 

Loss on ignition 



CO2 needed 

Organic matter, etc 



100.06 

43.42 

.93 



1 


2 


3 


0.06 


0.50 


0.18 


.04 


.14 


.47 


.44 


.62 


.32 


54.96 


51.79 


54.48 


.21 


.66 


.21 


Trace. 


Trace. 


Trace. 


44.35 


45.28 


44.46 



0.14 
.23 
.23 

53.76 
.31 
.17 

44.81 




0.21 

.26 

3.90 

48.67 

.97 

.25 

45.38 



99.64 

40.88 

3.52 



Rejecting organic matter and recalculating to 100 per cent, the analyses assume the follow- 
ing rational fonn: 

Reduced analyses. 



SiOo. 

(Al>e)20, 
MgCO,.... 
CaCOj. . . . 
CaSO. . . . . . 

CajPA-.. 



1 


1 




3 


4 


0.06 


0.52 


0.18 


0.15 


.04 


.15 


.48 


.23 


.93 


1.37 


.68 


.49 


98.61 


96.78 


98.30 


98.20 


.36 


1.18 


.36 


.55 


Trace. 


Trace. 


Trace. 


.38 


100.00 


100.00 


100.00 


100.00 



0.22 
.27 

8.63 
88.59 

1.72 
.57 



100.00 



For comparison the following analyses of calcareous hrachiopods, made elsewhere, are 
significant: 

6. TerehraliUa sp. Collected by Pourtal^s between Florida and Cuba; S. P. Sharpies, analyst.* 

7. Terebratulina caput serpentis. Locality not given; F. Kunckell, analyst.' 

8. Crania anomala MUller. Locality not given ; Kunckell, analyst. 

9. Waldheimia cranium MUUer. Locality not given; Kunckell, analyst. 

10. Waldheimia cranium. Collected by the Norwegian North Sea Expedition, station 255; latitude, 68® 12^ N.; 
longitude, 15** 40^ E.; depth, 624 meters; bottom temperature, 6.5° C. 

11. Waldheimia cranium. Lofoten Islands. Analyses 10 and 11 by L. Schmelck.' 

Older analyses 0/ calcareous hrachiopods. 





' 6 


7 


8 


9 


10 


11 


SiO, 




0.60 
.40 

1.20 

96.20 

.85 


(?) 
0.15 


FejO, 


1 Trace. 

; Trace. 

98. 39 


1 




MgCO, 

CaCO, 

CaSO^ 


1.05 
94.6 
2.4 
........ 


3.4 
87.8 
2.15 
.28 


"96.2 * 
.9 
.18 


1.40 
95.98 

(?) 


g^f'^-:::;:::::;:::::::::::::::::::::::::::::::::::::::: 


.61 




Trace. 


CaO 






.3 

.6 






MgO 




L8 






PjOs 




Trace. 
1.24 


.12 


Organic matter 


1.00 


2.55 


4.3 


2.0 


1.99 




100.00 


100.00 


99.73 


100.18 


100.49 


99.64 



With these analyses ours agree in a broad, general way, although the older ones vary 
much as regards completeness. Kunckell's analyses, showing free hme and magnesia, are 



» Am. Jour. Scl., 3d ser., vol. 1, p. 168, 1871, 

s Jour, prakt. Chemie, 2d ser., vol. 59, p. 102, 1899. 

* Norske Nordhavs Exped., No. 28, p. 129, 1901. 
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suspicious, but only in this detail; otherwise they have confirmatory value. All the analyses 
show that brachiopod^ of this group have shells in which calcium carbonate is the principal 
constituent and that the proportion of organic matter is low. The only aberrant one is Crania^ 
which is noteworthy on account of its high percentage of magnesia. In this respect, KimckelFs 
analysis, if recalculated to a common basis, agrees approximately with ours. KhynchoneUa 
is also interesting for the reason that an analysis by Hilger of shells supposed to belong to this 
genus mdicates that they are phosphatic and practically identical in composition with those 
of Lingula. The authenticity of Hilger's material is questionable, and his analysis will not be 
reproduced here. 

Four analyses of shells of phosphatic brachiopods have been made by us. As these shells 
contain a large amount of organic matter, which possibly varies with the age or maturity of 
the animal, we prefer to report our results, as others before us have done, in proximate rather 
than ultimate form. The analvses are as follows: 

1. Lingula anatina Gmelin. Coast of Higo Province, Japan. Organic matter, rejected, 40 per cent. 

2. Lingula anatina. Iloilo, Philippine Islands. Organic matter, rejected, 39.5 per cent. 

3. Discinisca lamellosa Broderip. Coast of Peru. Organic matter, rejected, 25 per cent. 

4. Glottidia (formerly Lingula) pyramidata Stimpson, coast of North Carolina. Oiganic matter, about 37 per cent; 
analysis incomplete for lack of sufficient material. 

Analyses of phosphatic brachiopods. 



SiO^ 

(Al>e)A 
MgCO,... 

CaCO, 

CaSO..... 
CajPjOg.. 



1 


2 


9 


4 


0.91 


0.50 


0.85 


0.49 


.64 


.29 


.58 


1.16 


2.70 


.79 


6.68 


1.71 


1.18 


4.25 


8.35 


(?) 


2.93 


4.18 


8.37 


(?) 


91.74 


89.99 


75.17 


74.73 


100.00 


100.00 


100.00 









These analyses are noteworthy on account of the unusual proportion of calcium sulphate 
reported in them. Discinisca is especially remarkable in this respect and also in its percentage 
of magnesium carbonate. Small amounts of sulphates have been foimd in many moUusks and 
corals as well as in the calcareous brachiopods but in nothing like the proportion given here. A 
new analysis of Discinisca made upon fresh material is much to be desired. 

In the older analyses of this group the sulphate seems to have been ignored, or at least 
to have escaped attention. The figures are as follows: 

5. Lingula ovalis. Hawaiian Islands; T. S. Hunt, analyst.' 

6, 7. Lingula ovalis. Locality not given; A. Hilger, analyst.' 

8. Lingula anatina. S. Cldez, analyst ;3 recalculated to 100 per cent after rejecting 42.6 per cent of organic matter. 

Older analyses of phosphatic brachiopods. 



SiOj.... 

Mg0O3. 

CaCO, . . 

CajROg 

MgJ^O, 

FePO^.. 

MgO?. . 



11.75 
85.79 



2.80 



() 



0.18 

2.94 

10.76 

84.94 



.77 



100.34 



99.59 



8 



0.17 

3.13 

10.86 

85.24 



Trace. 



76 



12. 19 

77.17 

7.03 

3.61 



100.00 



100.00 



> Logan, W. E., and Hunt, T. S., Am. Jour. Scl., ad ser., vol. 17, p. 237, 1854. 

s Jour, prakt. Cbemle, vol. 102, p. 418, 1867. 

* Jahresb. Cbemle, 1850, p. &42; from L'Institut, 1850, p. 240. 
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The relatively high figures for calcium carbonate shown in this table are doubtless due to 
the n^lect to determine sulphate. The analysis by Cloez differs from the others principally in 
form — that is, in its mode of calculation. If the phosphoric oxide in it is assigned entirely to 
tlie lime, then the proportion of calcium phosphate becomes 88.6 per cent, which is well in lino 
with the other figures. The amount of calcium carbonate would be correspondingly reduced. 

The brachiopods, as stated at the beginning of this section, fall into two distinct groups; 

the sheUs of one consist mainly of calciimi carbonate, with little organic matter, and those of 

the other predominatingly of calcium phosphate, with much organic matter. The two groups, 

although they may be alike structurally, are physiologically quite dissimilar, the chemical 

reactions involved in building the sheUs being of two different orders. Such a distinction 

ought to be significant to biologists and it is for them to determine what it means. Geologically, 

however, we can see tliat the phosphatic brachiopods have pn)bably pkyed some part in the 

formation of phosphatic sediments, a function which is shared by vertebrate animals and some 

crustaceans. 

MOL.LUSKS. 

Numerous anaij'ses of moUuscan shells have been published, and they show remarkable uni- 
formity of composition. It has nevertheless seemed desirable to make a liberal series of 
new analyses, which are best classified into groups. Sulphates were not determined, except 
in four analyses. 

1. PELECYPODS. 

The pelecypod shells analyzed are as follows: 

1. Astarte crenata Gray. Off Marthas Vineyard, Mass.; depth of water, 6GS meters; bottom temperature, 72® G. 

2. Callista convexa Say. Vineyard Sound, Mass. 

3. Macoma sabulosa Spengler. Massachusetts Bay; depth, 825 meters; bottom temperature, 5.5** C. 

4. PectendislocatiLB Ssiy. Charlotte Ilarbor, Fla. 

5. Pecten ventricosus Sowerby. Head of Concepcion Bay, Lower California. 

6. Venericardxa ventricosa Gould. Off Point Concepcion, southern California; latitude, 34° 25' N.; depth, 447 
meters; bottom temperature, 7.3® C. 

7. Cardium 8ubstriatum Conrad. Long Beach, Cal. 

8. Calyptogena pact/Sea Dall. Clarence Strait, Alaska; latitude, 55® 4(>^X.; depth, 589 meters; bottom tempera- 
ture, 5.8® C. 

9. Nucula expanser Hancock. North of Bering Strait. 

10. Acila mtrabUia Adams and Reeve. Japan Sea, off the coast of Chosen (Korea); depth, 128 meters; bottom 
temperature, 16® C. 

11. Placuna orbicularis Retzius. Off Luzon, Philippine Islands. 

Analyses of pelecypod shells. 



SiO-. 

(Al>e),03 

MgO 

CaO 

P2O5 

Ignition 

CO.2 needed 

Organic matter, etc 



1 





3 
0.29 


4 


5 


6 


* 

7 


8 


9 


1 
10 


0.25 


0.18 


0.31 


0.14 


0.12 


0.11 


0.08 


0.33 


0.09 


.08 


.11 


.22 


.08 


.15 


.08 


.09 


.04 


.46 


.08 


.00 


Trace. 


.00 


.46 


.34 


.00 


Trace. 


.00 


Trace. 


.00 


53.92 


53.67 


43.77 


53.68 


54.13 


54.16 


53.99 


53.95 


51.18 


53.36 


Trace. 


.03 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


.17 


Trace. 


44.79 


44.77 


44.62 


44.34 


44.36 


44.65 


44.85 


44.93 


46.67 


45.59 


99.04 


98.76 


98.90 


98.87 


99.12 


99.01 


99.04 


99.00 


98.81 


99.12 


42.37 


42.10 


42.25 


42.69 


42.90 


42. 55 


42.41 


42. 39 


39. 86 


41.93 


2.42 


2.67 


2.37 


1.65 


1.46 


2.10 


2.44 


2.54 


6.81 


3.66 



11 



0.00 

.08 

.32 

53.80 

Trace. 

44.10 

98.30 

41.73 

2.37 



MOLLUSKS. 



Reduced analyses. 



SiOj. 

(Al,Ve)A 
MgCO,... 
CaCOj . . . 

Ca,PA.. 



1 


2 


3 


4 . 


5 


6 


/ 


8 


9 


10 


0.26 


0.19 


0.30 


0.32 


0.14 


0.13 


0.11 


0.09 


0.36 


0.1 


.09 


.12 


.23 


.08 


.15 


.08 


.09 


.04 


.50 


.0 


.00 


Trace. 


.00 


1.00 


.73 


.00 


Trace. 


.00 


Trace. 


.0 


99.65 


99.62 


99.47 


98.60 


98.98 


99.79 


99.80 


99.87 


98.74 


99.8 


Trace. 


.07 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


.40 


Trace 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.0 



2. SCAPHOPODS AND AMPHINEUIIANS. 

Under this heading we have only two analyses to offer, as follows: 

12. Dentalium solidum Verrill. Off Georges Bank, east of Cape Cod, Mass.; depth of water, 2,361 met< 
temperature, 4.5° C. 

13. Mopalia muscosa Gould. Santa Barbara, Cal. A chiton. 

Analyses of scaphopods and amphinewrans. 



Analvsefl. 



12 



SiOo. 

(Al,Fe)a03 

MgO 

CaO 

SO, 

P2O5 

Ignition 

OO2 needed 

Organic matter, etc 



13 



0.39 


0.59 


.26 


.21 


.09 


.25 


53.89 


53.42 


Trace. 


.20 


Trace. 


44.48 


44.74 


99.11 


99.41 


42.44 


42.13 


2.04 


2.61 



Reduced analyses. 



SiOi- 

(Al,^e),0, 
MgCO,.... 

CaCOs 

CaSO. . . . . 
CaaPjOs-.. 



12 



0.40 

.27 

.20 

99.13 

(?) 
Trace. 



100.00 



3. OASTBOPODS. 

14. Purpura lapillus Linn6. Eastport, Maine. 

15. Aporrhais occidentalis Beck. Off Marthas Vineyard, Mass.; depth of water, 435.5 meters; botton 
ture, 5.5° C. 

16. Buccinum undatum Linn^. Narragansett Bay, R. I.; depth, 53.3 meters; bottom temperature, 9° 
' 17. Natica duplicata Say. Cape Lookout, N. C. 

18. Olivia literata Lamarck. Sarasota, Fla. 

19. Fasciolaria distans Lamarck. SarajBota, Fla. 

20. Crepidula onyx Sowerby. San Pedro, Cal. 

21. Antiplanes perversa Gabb. Off Bodega Head, Cal.; latitude, 38'' 23^ 35'" N.; depth, 112.5 met< 

temperature, 9° C. 

22. Nassa cali/omiana Conrad. Monterey Bay, Cal.; latitude, 36° 47' 50'' N.; depth, 67.7 meters; b 

perature, 11.3° C. 

23. Nassa tegula Reeve. Muf^Tove Island, Magdalena Bay, Lower California. 

24. Nassa insculpta Carpenter. Cortez Bank, Cal.; latitude, 32° 20" 30" N.; depth, 165 meters; b< 
perature, 9.5° C. 

25. Turritella gonostoma Valenciennes. Mulege, Gulf of California. 

26. Volutometra aloskana Dall. Off Unalaska, Alaska; latitude, 55° N.; depth, 143 meters; bottom te 
4.5° C. 

27. Pyrolofusus harpa Mdrch. Unalaska, Alaska. 

28. Plici/usus dirus Reeve. Sitka Harbor, Alaska. 

29. Tachyrynchus erosa Couthouy. Avatcha Bay, Kamchatka. 

30. Ranella pulchra Gray. China Sea, north of Prabas Island; depth, 256 meters; bottom temperature, 

31. Cerithium altico Linn^. Reef opposite Cebu, Philippine Islands. 

32. Strombus canarium Linn^. Subig Bay, Luzon, Philippine Islands. 

33. Cavolina longirostris Lesueur. Off Adyagan Island, Philippines; depth, 247 meters. 
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INORGANIC CONSTITUENTS OF MARINE INVERTEBRATES. 



Analyses of gastropods. 



SiOo. 

&'!±::::::- 

CaO 

SO. 

P2O5 

Ignitioii 

COa needed 

Organic matter, etc 



14 


15 
1.27 


16 


17 


18 


19 


0.14 


0.94 


0.00 


0.05 


0.33 


.15 


.22 


.41 


.05 


.04 


.04 


.19 


Trace. 


.12 


Trace. 


.00 


.06 


53.34 


52.84 


52.77 


54.83 


54.38 


53.87 


(?) 


.08 


(?) 


(?) 


(?) 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


45.33 


44.09 


44.49 


44.22 


44.46 


44.49 


99.15 


98.50 


98.73 


99.10 


98.93 


98.79 


42.12 


41.52 


41.59 


43.08 


42.73 


42.39 


3.21 


2.57 


2.90 


1.14 


1.73 


2.10 



20 



21 



0.15 

.11 

Trace. 

53.63 

.00 

Trace. 

44.40 



0.46 

.11 

Trace. 

54.06 

(?) 
Trace. 

44.15 



98.29 

42.14 

2.26 



98.78 

42.48 

1.67 



22 



0.27 

.12 

.17 

53.20 

(?) 

Trace. 

44.84 



98.60 

41.99 

2.85 



23 



2.07 

.33 

.20 

51.30 

(?) 
.08 

44.76 



98.74 

40.37 

4.39 





24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


SiOo 


0.47 

.47 

.77 

49.32 

(?) 
.04 

48.00 


0.25 

1.83 

.20 

52.57 

.11 

Trace. 

43.51 


0.07 

.17 

Trace. 

53.88 

(?) 
Trace. 

44.60 


0.08 

.08 

Trace. 

54.23 

Trace. 
44.42 


0.16 

.22 

.11 

52.66 

Trace. 
45.83 


0.23 

.81 

.44 

49.30 

(?) 
.36 

47.60 


2.20 

.61 

.23 

52.63 

Trace. 
43.31 


0.00 

.09 

Trace. 

54.47 

Trace. 
44.37 


0.08 

.20 

Trace. 

54.04 

Trace. 
44.31 


0.71 


(Al.Fe),05i 


.39 


MeO... ". 


.09 


C^. 


53.73 


SO, 


(?) 


pA 


.38 


lenition 


43.82 






COq needed 


99.07 

39.51 

8.49 


98.47 

41.46 

2.05 


98.72 

42.33 

2.27 


98.81 

42.61 

1.81 


98.98 

41.50 

4.33 


98. 74 

38.54 

9.06 


98.98 

41.64 

1.67 


98.93 

42.80 

1.57 


98.63 

42.46 

1.85 


99.12 
41.96 


Organic matter, etc 


1.86 



Reduced analysts. 



SiOa- 

(AlTFe)aO, 
MgCO,.... 

CaCOs 

CaSO...... 

CajPaOg..- 



14 


15 


16 
0.98 


17 


18 


19 


20 


0.15 


1.32 


0.00 


0.05 


34 


0.16 


.16 


.23 


.43 


.05 


.04 


.04 


.11 


.41 


Trace. 


.26 


Trace. 


.00 


.14 


Trace. 


99.28 


98.30 


98.33 


99.95 


99.91 


99.48 


99.73 


(?) 


.15 


(?) 


(?) 


(?) 


(?) 


.00 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


Trace. 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 




23 



100.00 



2.19 

.35 

.44 

96.84 

(?) 
.18 



100.00 





24 


25 

0.26 

1.89 

. 44 

97^21 

.20 

Trace. 


26 

0.07 

.18 

Trace. 

99.75 

Trace. 


27 

0.08 

.08 

Trace. 

99.84 

Trace. 


28 

0.17 

.23 

.24 

99.36 

Trace. 


29 

0.26 

.90 

1.02 

97.00 

(?) 
.82 


30 

2.26 

.63 

.51 

96.60 

Trace. 


31 


32 

0.09 

.21 

Trace. 

99.70 

Trace. 


33 


SiOo 


0.52 

.52 

1.78 

97.08 

(?) 
.10 


0.00 

.10 

Trace. 

99.90 

Trace. 


0.73 


(Al,Fe),0, 


.40 


MgCOa 


.20 


^'^-'j.""""" •••••»•••••••. 

CaCO. 


97.82 


CaSO.. 


(?) 


Ca,PoO. 


.85 








100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 

1 


100.00 



MOLLUSKS. 



4. CEPHALOPODS. 

34. Nautilus pompiliua Linn^. Mindanao, Philippine Islands. 

35. Argonauta cargo Linn^; the paper nautilus. High seas, Pacific Ocean. 

36. Sepia ep.; cuttle-fifih bone. Port Tataan, Tawi Tawi group, Philippine Islauoe. 

Analyses of cephalopods. 



SiO^ 

(Al,Fe)a03 

MgO 

CaO 

P2O5 

Ignition 

CO2 needed 

Organic matter, etc 



34 



35 



0.18 

.14 

.07 

52.44 

Trace. 

46.65 



99.48 

41.28 

5.37 



0.08 

.12 

2.58 

46.78 

Trace. 

49.16 



36 



0.00 

.06 

.66 

47.42 

Trace. 

51.63 



98.72 

42.30 

6.86 



99.77 

38.65 

2.98 



Reduced analyses. 



SiOo. 

CaCOs 

CaaPjOg... 



34 



0.19 

.15 

.16 

99.50 

Trace. 



100.00 



35 



0.09 

.13 

6.02 

93.76 

Trace. 



100.00 



36 



0.00 

.06 

1.62 

98.32 

Trace. 



100.00 



For comparison a series of four analyses of cephalopod shells by O. I 
citing in full. They are as follows: 

1. NavJtilus pompilius. 2. Argonavia argo. 3. Spirula peronii. 4. Sepia officinalis. 

Analyses 0/ cephalopods by Biitschli. 





1 


2 


3 


4 


CaCO, 


94.75 
.16 


85.07 
5.08 
3.06 
1.75 
2.92 
2.43 


90.43 

.46 

3.20 

.48 

2.17 

2.32 

.33 


87.36 

.21 

2.26 

.78 

4.89 

5.36 


MffCOa 


Phosphate 


CaS04.2njO 

H2O 


.20 

. 2.62 

2.03 


Organic matter. . .. 
Sand 












99.76 


100.31 


99.39 


100.86 



Exactly what is meant by ^' phosphate ^^ is not clear. Assuming it to m 
phate and reducing the analyses to uniformity with ours, they take the foUo 

ButschWs analyses reduced. 





1 


2 


3 


4 


CaCOa 


99.66 
.17 


89.93 
5.37 
3.24 
1.46 


95.75 

.48 

3.39 

.38 


96.58 

.23 

2.50 

.69 


MgCOj 


CaPoO. 




CaSO. 


.17 




100.00 


100.00 


100.00 


100.00 



1 K. Gesell. Wiss. QOttingen Abh., No. 3, 1908. Bat3Chli also gives analyses of three other moUusks, Pinna ja 
Purpura lapillus, but they show no unusual features. 



INORGANIC CONSTITUENTS OP MABINE INVERTEBRATES. 



Lsual proportion of magnesium carbonate in Argonauia is confirmed by our analysis, 
phosphate in three of Btltschli's analyses is unlike anything in our series. Possibly 
sulphate is really present in the hydrated form, that is, as gypsum, but that is 
However, it is not necessary to make that assumption, and to do so would com- 
omparison of analyses. 

le evidence now at hand and from many older data it is clear that molluscan shells 
)st entirely of calcium carbonate with quite insignificant impurities. The only 
jption is Argonauta, which contains 6 per cent of magnesium carbonate, but the 
.us has no importance as a contributor to the marine sediments. The mollusks 
B of immense importance, a fact to which their fossil remains abundantly testify, 
ion they resemble the corals and millepores, so much so that an analysis from one 
readily pass for an analysis from the other.* 

CRUSTACEANS. 

;rustaceans analyzed in the course of this investigation fall into two distinct groups, 
amacles, which have shells composed mainly of calcium carbonate with very little 
ber. Second, a group of the more f amihar crustaceans, such as crabs, shrimps, and 
hese have shells containing notable amoimts of calcium phosphate and much 
ter. The analyses of the first group cover the following species: 

vUifera Liim6. Florida. 
%8erifera Linn^. Woods Hole, Mass. 

polymenu Sowerby. Pacific Grove, Cal.; latitude, 36* 36^ N.; longitude, 121** 65' W. 
r hameri Aflcanius. Georges Bank, east of Cape God, Mass. 
t amphitrUe niveus Darwin. Cape May, N.J. 
I ebtameus Gould. Smiths Creek, Potomac River, Md. 

um reffium Wyville Thomson and Hoek. Albatross station 3342; off Queen Charlotte Islands; latitude, 
longitude, 132° 38' W.; depth of water, 2,906 meters; bottom temperature, 18° C. 

dyses are as follows: 

Analyses of barnacles. 



1 


2 


3 
0.08 


4 
0.03 


5 
1.99 


6 


0.04 


0.04 


0.39 


.19 


.56 


.30 


.14 


.68 


.22 


1.14 


.86 


.94 


.35 


.73 


.76 


52.33 


52.53 


50.83 


53.57 


50.09 


53.23 


Trace. 


.34 


Trace. 


.00 


Trace. 


Trace. 


44.50 


43.90 


46.18 


44.39 


44.84 


44.28 


98.20 


98.23 


98.33 


98.48 


98.33 


98.88 


42.37 


41.82 


40.97 


42.47 


40.16 


42.67 


2.13 


2.08 


5.21 


1.92 


4.68 


1.61 



} 



0.73 

1.03 

52.65 

Trace. 

44.79 



99.20 

42.48 

2.31 



Reduced analyses. 





1 


2 


3 


4 

0.03 

.15 

.75 

99.07 

.00 


5 

2.12 

.72 

1.63 

95.53 

Trace. 


6 


7 




0.04 

.20 

2.49 

97.27 

Trace. 


0.04 

.58 

1.87 

96.74 

.77 


0.09 

.33 

2.11 

97.47 

Trace. 


':tt\ 0.75 






1.65 

97.73 

Trace. 


2.23 




97.02 




Trace. 






/ 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 

1 


100.00 



lal data see L. Bchmelck, Norske Nordhavs Exped., No. 28, p. 129, 1901. Fourteen analyses of molluscan shells are given, of 
num, Astarte, Neptunea, and PecUn, all from the North Sea. The highest percentage of magnesium carbonate found was 0.78, 
For ten complete analyses of oyster shells see Chatin, A., and Munts, A.,Compt. Rend., vol. 120, p. 531, 1895. For eleven analsrses 
an Inaugural dissertation by A. DOring, Gdttingen, 1872. Several determinations of magnesium carbonate, maximum 1 per 
r 0. Forchhammer in Neues Jahrb., 1852, p. 854. 



CRUSTACEANS. 

Sulphates and soluble salts were not detennined. Except for the slightly ki^er n 
these analyses closely resemble those of mollusks. 

One analysis of a barnacle, Balanus iintinnabulus, by Btltschli,^ is essentially simila: 
His figures are — 

CaCO, 9 

MgCO, 

CaaPjOg 

CaS04.2H30 

9 

In all the analyses calcium carbonate is the main constituent, and there are on 
unpiuities. We have found no other analysis of a barnacle recorded. 

In the second group of crustaceans the following species were analyzed: 

1. Tryphosa pinguis Boeck; sand flea. Woods Hole, Mass. 

2. Paguruarathbuni Benedict; hermit cmb. Bering Sea; Albatross stSitionSbZl; latitude, 50® 65' N.; 
174** 17'' W.; depth of water, 105 meters; bottom temperature, 1.7** C. 

3. Callinectes sapidus M. J. Rathbun; blue crab. Ranges from Cape Cod to Florida. 

4. Homanis americanus Milne Edwards; common lobster. Vineyard Sound, Mass. 

5. Pandcdusplatyceros Bn.iidt] shrimp. Off Monterey Bay, Cal.; ^Z&atroM station 3129; latitude, S6^ ^ 
longitude, 122° 01'' W.; depth, 49.4 meters; bottom temperature, 6.5® C. 

6. lAthodes maia Linn^; spider crab. North Atlantic coast, precise locality of specimen unknown. 

7. Libinia emarginata Leach; spider crab. Vineyard Sound, Mass. 

8. Munida iris Milne Edwards ; long-armed munida . Off Chesapeake Bay ; Albatross station 2420 ; latitu 
20^' N.; longitude, 74'' 31^ 40^^ W.; depth, 190.3 meters; bottom temperature, 8.7** C. 

9. Crago dalli Rathbun; a shrimp. Off Cape Stroganoff, Alaska; ^/&a<ro«« station 3294; latitude, 57** ] 
longitude, 159° 03^ 30^^ W.; depth, 54.9 meters; bottom temperature, 5° C. 

10. Panulirus argus Latreille; spiny lobster. West Indies. 

11. Chloridella empusa Say; mantis shrimp. Ranges from Cape Cod to Florida. 

12. Penasus brasiliensis Latreille; edible shrimp. Ranges from New York to Bra2dl. 

Analyses of crustaceans. 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


SiOj. 


0.62 

.37 

1.27 

28.63 

4.56 

.23 

64.73 


0.16 

.15 

1.55 

29.11 

3.25 

.75 

64.50 


0.04 

.04 

2.06 

33.42 

4.26 

.23 

58.89 


0.00 

.21 

2.35 

31.35 

3.04 

.45 

61.82 


0.32 

.26 

1.44 

18.56 

4.60 

.54 

73.81 


0.00 

.15 

1.90 

24.15 

3.51 

.63 

69.00 


2.61 

.78 

2.81 

32.79 

2.73 

.49 

57.07 


0.32 

.16 

2.58 

3L28 

L87 

.47 

62.29 


0.62 

.20 

1.01 

9.95 

2.65 

.47 

83.70 


0.1 


(Al,Fe)oO, 


.] 


MkO 


3.] 


***o^-' ■•■•■•••«■■•••• 

CaO 


25. i 


P„0. 


2.( 


S63 ...; 


ji 


Itrnition 


66. ( 






CO2 needed 

Or^emic matter, etc. 


100.41 
19.53 
45.20 


99.47 
21.14 
43.36 


98.94 
24.43 
34.46 


99.22 
24.08 
37.74 


99.53 
11.58 
62.23 


99.34 
17.46 
51.54 


99.28 
26.05 
31.02 


98.97 
25.41 
36.88 


98.60 

6.20 

77.50 


97.1 
21.5 
45.^ 



In No. 12, the common ediblo shrimp of the Washington (D. C.) markets, the shell w^ 
that the available material was too small for complete analysis. Only P2O6, 3.07 per < 
determined. 

Reduced analyses. 



SiOj 

(Al,Fe)203 
MgCOa..-. 
CaCOs-... 

CajPA-- 
CaSO* 



1 


2 


3 


4 


5 


6 


7 


8 


9 


1.12 


0.28 


0.06 


0.00 


0.87 


0.00 


3.82 


0.52 


2.94 


.67 


.27 


.06 


.34 


.70 


.31 


1.14 


.27 


.95 


4.84 


5.80 


6.69 


8.02 


8.09 


8.35 


8.65 


8.71 


10.05 


74.64 


78.03 


78.14 


79.50 


60.94 


73.07 


76.44 


82.64 


54.83 


18.02 


13.55 


14.45 


10.91 


26.94 


16.03 


8.73 


6.57 


27.44 


.71 


2.07 


.60 


1.23 


2.46 


2.24 


1.22 


1.29 


3.79 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 



10 



O.I 



12.1 

76. J 

8.< 

1.: 



100. ( 



1 K. Gesell. Wiss. GOttingen Abb., No. 3, 1906. 



INOEGANIC CONSTITUENTS OF MABINE INVERTEBRATES. 

\ crustaceans of this second group are very different in composition from the barnacles, 
e distinctly, phosphatic, a fact which was abeady known, and they are also notably 
an, a peculiarity which, with a single exception, to be noted later, seems to have escaped 
ittention hitherto. The proportion of magnesium carbonate appears to be somewhat 
nt on temperature, as was shown in our analyses of echinoderms and alcyonarians; 
evidence for such a variation is not conclusive. Analysis 2, of a crab from Bering Sea, 

magnesia; analysis 10, of a West Indian specimen, is high. Analyses 5, 6, 7, and 8 are 
liate in their magnesian content, and so far as can be determined from the evidence before 

represent specimens from waters of intermediate and similar temperatures. Unfortu- 
le records for some specimens are defective as to precise locaUties and temperatures. Fur- 
e, the large amounts of organic matter and water render the reduced analyses to some 
insatisfactory. This is especially true of analysis No. 9, in which the inorganic portion 
3d to only 21 per cent. In reducing such an analysis the unavoidable analytical errors 
tiplied, and the percentages of magnesium carbonate, calcium carbonate, and calcium 
,te may be imcertain by as much as 1 per cent each. In no case is the order of 
de seriously changed, but the accuracy of the figures is not what we should wish it to be. 
iation in the percentages of magnesium carbonate is, however, suggestive, in spite of 
3r apparent irr^ularities. 
) older analyses of the shells of crustaceans are more or less unsatisfactory, but they all 

to the phosphatic character of these organisms. C. Schmidt,^ for example, gives thiee 
I, as follows: 

tacutjluviatilii; fresh-water crawfiah. 53.27 per cent inoiganic. 

bster; probably either Hamarus vulgariM or Palinurus, 77.06 per cent inoiganic. 

uilla tnanti$; a ahrlmp. 37.17 per cent inoiganic. 

Schmidt's analyses of crustaceans. 





1 


2 


3 


C3a,PdO, 


13.17 
86.83 


12.06 
87.94 


47.62 
52.08 


cabC.:.. : 




100.00 


100.00 


100.00 



) figures given here are for the inorganic matter alone. Schmidt mentions magnesium 

,te as present but gives no determinations of it. 

analyses of crustacean shells by E. Fremy * are also worth citing: 

langouste * * ; Palinurus vu Igaris. 

Jcrevisse"; probably the crawfish, Astacusfluviatilis. 

Fremy' 8 analyses of crustaceans. 





1 


2 


CaiPoO- 


6.7 
49.0 
44.3 


6.7 


CaCOi 


56.8 


Oiganic matter 


36.5 


100.0 


100.0 



re, again, the determination of magnesia has been neglected. If we reject the organic 
the percentages of calcium phosphate in the inorganic part of the shells become 12.03 
)5, respectively. 

nnalen Chemie Pharm., vol. 51, p. 303, 1845. 

imales chimle et pbys., 3d ser., vol. 43, p. 04, 1855. Fremy also gives many analyses of vertebrate bones, both recent and fossil. 



CRUSTACEANS. 



43 



Astcums Jluviatilis seems to have received more attention from chemists than any other crus- 
tacean. H. Weiske ^ found in fresh shells 4.97 to 5.31 per cent of calcium phosphate and in 
old shells, partly cast oflf, 9.16 to 9.21 per cent. In "Krebsteine," the concretions foimd in the 
shells, the percentages ran from 10.73 to 11.28 per cent. The total inorganic matter varied 
between 61 and 67 per cent. 

Astacus has also been studied by Agnes Kelly ,^ who also analyzed a myriapod, JvliLS 
(IvXus). Her figures are as follows: 

• Analyses by Agnes Kelly. 





Astacus. 


Jtilus. 


CaO 


30.44 

21.23 

2.79 


36.29 

21.60 

3.37 


C0« 


pA 


* 2^^ o' '''''"''''' ' ' 


54.52 


56.26 



In an analysis of Astacus jluviatilis by O. BiitschU' magnesia was actually determined. 
We append his analysis, together with our own reduction of it : 

BUtschlVs analysis of Astacus, 



Actual analysis. 


Reduced analysis. 


CaCO, 47.51 

MgCO, 1.38 

Pnosphate 6.77 

CaS04.2 lloO 1. 66 


CaCOa 83.40 

MgOOj 2.42 

CajPA? 11.88 

CaSO^ 2.30 


HjO 1.34 

Organic matter 40. 60 


100.00 


99.26 



In this analysis the low percentage of magnesia is very significant. Astacus is a fresh-water 
crustacean, whereas the analyses in our series are all of marine forms. In fresh water — ^the 
average river water — calcium is 6 times as abmidant as magnesium, but in ocean water mag- 
nesium is 3i times as abimdant as calcium. This difference in the environment may possibly 
explain the difference between the fluviatile and the marine shells, 2.42 per cent of MgCOj in 
one and 4.84 per cent in the lowest of our determinations. 

One more determination of phosphoric oxide in a crustacean remains to be noted. In the 
shell of a lobster, Homarus vulgaris , W. H. Hudleston * found 3.26 per cent of PjOg. This is 
equivalent to 7.12 par cent of CajPjOg, or, if the organic matter was about the same in amount 
as in our analysis of the American lobster, 1 1 .44 per cent in the inorganic portion alone. This 
is not far from the figure given in our reduced analysis No. 4, namely, 10.91 per cent. 

Although the crustaceans are not of great importance as contributors to the marine sedi- 
ments, they are more important than appears at a casual glance. A crab or lobster sheds its 
shell annually and grows a new one, so that an old individual has contributed many times. A 
single shell might coimt for Uttle, but when multipUed by a dozen or more the contributions 
become significant. How significant they may be is for zoologists to determine. 

iLandwlrthschaftliche Versuchsstatiooen, vol. 20, p. 45, 1877. 

ijenaisches Zeitschr., vol. 35, p. 429, 1901. 

* K. Gesell. Wiss. Gdttingen Abh., No. 3, 1908. 

« Oeol. Soc. Quart. Jour., vol. 31, p. 376, 1875. 
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CALCAREOUS ALG^. 

The calcareous algae are so important as reef builders that, although they are not marine 
invertebrates in the ordinary acceptance of the term, it seemed eminently proper to include 
them in this investigation. In many places they far outrank the corals in importance, and 
of late years much attention has been paid to them. To Dr. Marshall A. Howe, of the New 
York Botanical Garden, we are indebted for a fine series of alga*, and to him we express our 
thanks. 

For the purposes of this research the calcareous algfl} fall into two groups. One of these, 
of which Litiwthamnium is the most familiar example, is highly magnesian; the other, repre- 
sented by flalimeda, is almost free from magnesia. These groups are best considered sepa- 
rately, and under the first one we have the following species: 

1. Lithothamnium glaciate Kjellman. Topeail, Conception Bay, Newfoundland; latitude, 48° N.; longitude, 
53° W. 

2. Lithothamnium eruhescens Foslie. Haingsisi, near Timor, East Indian Archipelago. 

3. Archa&olithoihamnium episporum Howe. Point Toro, near Colon, Isthmus of Panama. 

4. Lithophyllum craspedium Foslie. Palmyra Island, in the Pacific Ocean, west of south from Hawaii; latitude, 
5° 49^ N. 

5. Lithophyllum palUscens Foslie. Bay of La Paz, Gulf of California; latitude, 24° 16^ N. 

6. Lithophyllum cUedalium Foslie and Howe. Salinas Bay, near Guanica, Porto Rico; latitude, about 18° N. 

7. Lithophyllum arUillarum Foslie and Howe. Culebra Island, Porto Rico; latitude, about 18° 20'' N. 

8. Lithophyllum oneodes Heydrich. Coetivy Island, in the Indian Ocean, northeast of Madagascar; latitude, 7° 
6^ S.; longitude, 56° 30^ E. 

9. Lithophyllum intenrudium Foslie. Fort Kingston, near Clarence, Jamaica. 

10. Lithophyllum pachydermum Foslie. Dollar Harbor, South Cat Cay, Bahamas; latitude, about 25° N. 

11. Lithophyllum tamienae Heydrich. New Guinea. 

12. Amphiroa fragilimma Lamouroux. Lemon Bay, near Guanica, P. R. 

13. Phymatolithon compactum Foslie. Torbay, Newfoundland. 

14. Goniolithon acropetum Foslie and Howe. Culebra Island, P. R. 

15. Goniolithon atrictum Foslie. Bemini Harbor, Bahamas. 

16. Gonioliihon strictum. Soldiers Key, Fla. 



The actual analyses are as follows: 



Analyses of algx. 



SiOo. 

i&b.^!.-:::::;: 

CaO 

iS;::::;;.v.v.;:::; 

Ignition 

CO2 needed 

Organic matter, etc 



0.41 

.23 

4.78 

45.41 

Trace. 

.14 

48.00 



98.97 

40.86 

7.14 



2 



0.19 

.12 

7.52 

42.96 

Trace. 

.61 

47.89 



99.29 

4L69 

6.20 



L47 

.89 

5.93 

44.80 

Trace. 

.53 

45.69 



0.03 

.09 

8.64 

4L56 

.03 

.15 

48.37 



99.31 

41.43 

4.26 



98.87 

42.04 

6.33 



LOl 

.22 

6.42 

40.39 

.11 

.71 

49.94 



98.80 
38.31 
1L63 



0.18 

.08 

8.14 

40.48 

Trace. 

.44 

49.99 



0.04 

.10 

7.24 

43.34 

Trace. 

.57 

48.11 



99.31 

40.51 

9.48 



99.40 

4L70 

6.41 



8 



0.09 

.12 

8.07 

42.57 

.08 

.27 

47.96 



99.16 

42.11 

5.85 





9 


10 


11 


12 


13 


14 


15 


16 


SiOj. 


0.27 

.21 

7.25 

42.55 

Trace. 

.02 

48.63 


0.04 

.08 

6.47 

42.60 

.00 

.59 

49.55 


0.12 

.16 

8.81 

4L07 

Trace. 

.69 

48.77 


2.82 

1.31 

6.71 

34.82 

Trace. 

.56 

48.78 


0.10 

.23 

4.02 

38.19 

.10 

.52 

55. 42 


0.06 

.04 

8.27 

40.60 

.18 

.62 

49.56 


0.02 

.01 

10. .39 

38.54 

Trace. 

.60 

49.91 


1 0.05 
10 93 


(Al,Fe),0, 


fco. 


0^. 

Ignition 


38.03 

Trace. 

.61 

49.91 


CO2 needed 

Oiganic matter, etc 


98.93 

4L89 

6.74 


99.33 

40.24 

9.31 


99.62 

4L58 

7.19 


95.00 
34.43 
14.35 


98.58 
35.05 
20.37 


99.33 

40.50 

9.06 


99.47 

4L38 

8.53 


99.53 

41.56 

8.35 



CALCAREOUS ALGiE. 



The low summation of No. 12, a very fragile form, is due to inclosed salts, mainly a 
chlorides and sulphates. These were determined as 5.40 per cent, which brings the sum: 
up to 100.40. 

Reducing the analyses, as usual, to standard form, we have the following table: 

Reduced analyses. 



SiOj..... 
(Al>e)203 
MgCO,. . . 
CaCO,. . . 



1 


2 


3 


4 


5 


6 


i 


0.45 


0.20 


1.55 


0.03 


1.16 


0.20 


0.04 


.25 


.13 


.94 


.10 


.25 


.09 


.11 


10.93 


16.96 


13.09 


19.60 


15.46 


19.03 


16.35 


88.11 


81.59 


83.47 


79.92 


81.48 


79.85 


82.46 


Trace. 


Trace.- 


Trace. 


.08 


.26 


Trace. 


Trace. 


.26 


1.12 


.95 


.27 


1.39 


.83 


1.04 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 

1 



SiO^. .... 
(Al>e),0, 
MgCOa. . . 
CaCOj, 



9 


10 


11 


12 


13 


14 


15 


0.30 


0.04 


0.13 


3.50 


0.13 


0.07 


0.02 


.23 


.09 


.17 


1.62 


.30 


.05 


.01 


16.59 


15.08 


20.02 


17.47 


10.93 


19.24 


24.00 


82.85 


83.68 


78.43 


76.23 


87.21 


79.05 


74.85 


Trace. 


Trace. 


Trace. 


Trace. 


.29 


.43 


Trace. 


.03 


1.11 


1.25 


1.18 


1.14 


1.16 


1.12 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 


100.00 



In No. 12, Amphiroa, the high silica and sesquioxides are evidently impurities, 
are rejected, the percentage of magnesium carbonate rises to 18.41. 
Of Halimeda, four species were analyzed, as follows: 

17. Halimeda opuntia Lamouroux. Key West, Fla. 

18. Halimeda simulans Howe. East of Guanica Harbor, Porto Rico. 

19. Halimeda tridens Lamouroux. Cayo Maria Langa, Bay of Guayanilla, Porto Rico. 

20. Halimeda monile Lamouroux. Same locality as No. 19. 

Analyses of Halimeda. 



17 



SiOo, 

(Al,Fe)203 

k;::;::::::::: 
!«;•■•;:::::::::: 

Ignition 

COj needed 

Organic matter, etc 



0.37 

.20 

.01 

50.32 

Trace. 

.07 

48.20 



99.17 

39.47 

8.73 



18 



0.44 

.18 

.19 

50.20 

Trace. 

.23 

48.38 



99.62 
39.53 

8.85 



19 



0.88 

.58 

.44 

45^32 

Trace. 

.49 

51.94 



99.65 
35.83 
16.11 



Reduced analyses. 



17 



SiO-. 

(Al,Fe)203 
MgCOa.... 
CaCO, 

&"d!!!-.:: 



0.41 

.22 

.02 

99.21 

Trace. 

.14 

100.00 



18 



0.48 

.20 

.44 

98.45 

Trace. 

.43 

100.00 



19 



L04 

.68 

L09 

96.21 

Trace. 

.98 

100.00 
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After allowance is made for obvious impurities the essential identity of these four analyses 
becomes clear. The inorganic portion of Halimeda consists of calcium carbonate and an insig- 
nificant amount of magnesia. In the first group of algse, Nos. 1 to 16, magnesium carbonate 
is conspicuous, more so than in any other class of organisms so far analyzed. In Oaniolithon 
strictum especially it ranges from 24 to over 25 per cent, or more than half way to dolomite 
These algae are probably the largest contributors of magnesia to the marine limestones. 

It is also noteworthy that the two algae of the first group, Nos. 1 and 13, are from the cold 
waters of Newfoundland, and that the others are from tropical or subtropical regions. Several, 
if not all of them, are shoal-water organisms and were collected on reefs, or rocks, or on sands 
near low-tide levels. It is desirable that Arctic species should be carefuDy studied — at least 
more carefully than hitherto. The older published data leave much to be desired, especially 
as to definiteness of species and localities. 

Of the earlier analyses of calcareous algaj those by A. Damour* are the most complete 
and most nearly comparable with ours. Five species were analyzed, as follows: 

1. LUhophyllumBp. Mediterranean Sea. 

2. Melobesia sp. Coast of Algeria. 

3. Amphiroa tribulvLS. Antilles. 

4. Halimeda opuntia. Red Sea. 

5. Galaxaurafragilis. Antilles. 

Damour's " MiUepora cevricomis,^^ of which he gives an analysis, is not included here on 
account of its doubtful character. (See p. 18.) 

Damour^s analyses ofalgse. 



CaCOj. 
MgCO,. 
NaoO.. 

KaO.. 
FeaOj.. 
SO,. . . 

CaS04. 
Oi«ani< 
HaO.. 
SiOg,.. 
Sand.. 



c matter 



77.36 
11.32 
.55 
.27 
.08 
.95 
.32 
.60 



4.70 
1.46 



1.36 



98.97 



72.78 

12.32 

L75 

.65 

.20 

1.25 

.38 

.34 



3.95 
1.40 



4.28 



70.83 

16.99 

.89 

.39 



.93 
.27 
.53 
.20 
6.40 
1.38 



99. 30 98. 81 



86.17 

.56 

1.13 

.54 



.84 

.55 

8.30 

.90 



98.99 



72.56 

.86 

.73 

1.02 



i?i 



1.17 

1.80 

17.50 

.95 

2.20 



98.79 



In these analyses Na^O, K^O, CI, and SO3 evidently represent sea salts. Rejecting them 
as impurities, together with the organic matter, water, and sand, and recalculating to 100 per 
cent, we have the following reduced analyses, which are similar to ours : 

Damowr^s analyses reduced. 



SiOo.. 
FejO,. 
MgCOj 



1' 



0.09 
12.76 

CaCOa 86. 36 

CajPaOf, I .79 

CaS04 ' 



100.00 



0.23 

14.44 

84.36 

.97 



19.29 

79.81 

.67 

.23 



100. 00 I 100. 00 



0.64 
98.73 

(?) 
.63 



100.00 



1 Compt. Rend., vol. 32, p. 233, 1851. 



2.84 

1.11 
93.73 

2.32 



100.00 



CALCABEOUS ALQM. 



Three of these algse are highly magnesian; Halimeda and GcUaxaura are not. 
Two analyses of algse by A. Schwager were published by J. Walther* in 1885. 
also one by C. W. Giimbel,' and these three may be combined in one table, as follows: 

1. Litfiothamnium sp. Bay of Naples; Schwager, aDalyst. 

2. Lithothamnium ramulosum. Bay of Naples; Schwager, analyst. 

3. Lithothamnium nodosum. Locality not stated; GUmbel, analyst. 

Actual analyses of algx. 



SiO- 

AlA 

FeaO, 

MnO 

MgO 

CaO 

COj 

PjO^ 

Organic matter-fHjO 

Insoluble 

H2O and loss 



1.59 


1.91 


3.36 


3.61 


.28 


.41 


Trace. 


Trace. 


1.90 


3.06 


48.09 


45.88 


39.87 


39.41 



5.06 



5.57 



100.15 



99.85 



Reducing these to uniformity with our analyses we have the following table: 

Reduced analyses. 



SiOa. 

CaCO. . 
CajPaOj 



'8- 



O 



1.68 

3.83 

4.19 

90.30 



2.03 

4.26 

6.81 

86.90 



100.00 



100.00 



In these analyses, all of Litkothamnium, the percentage of magnesium carbonate is 
ably low. Why this should be so is not clear, but it may be due to differences in th 
the plants; that is, young specimens may have secreted less magnesia proportionally 
than older, more mature examples. This suggestion might well be tested by special ; 
of properly selected material. Until that has been done the suggestion can carry little 

Eleven partial analyses of Lithotliamnium, made by A. G. Hogbom,' assisted by R. 
lius, N. Sahlbom, and J. Guinchard, are curiously irregular. The percentages of ma 
carbonate vary enormously, and with no apparent or even probable relation to temp< 
The data given are as follows: 



Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 
Lithothamnium 



sp. Java Sea 

sp. Galapagos Islands. . , 

sp. Spitzbergen 

polymorphun. Kattegat. 

sp. Honolulu 

ramulosum. Naples 

son/erum. Arctic Ocean 

sp. Bering Islands 

racemus. Naples 

sp. Bermuda 

glaciaU. Arctic Ocean.. 



CaCOg. 


72.03 


83.60 


84.83 


74.22 


84.01 


63.00 


80.90 


74.24 


77.39 


82.44 


83.10 



1 Deutsch. geol. Gesell. Zeitscbr., p. 338, 1885. 

* K. bayer. Akad. Wis8. Abb., Matb.-pbys. Classe, vol. 2, p. ae. 

* Neues Jahrb., 1894, Band 1, p. 202. 
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In this series the percentages of magnesium carbonate are much lower than those found by 
us, and there is xmcertainty in six examples as to the exact species. Hogbom, however, points 
out the importance of these algae in respect to the formation of dolomite, which was the real 
subject of his investigation. In Halimeda sp., from Labuan, only a trace of magnesia was found. 

In Lithothamnium racemus, from the Bahamas, H. W. Nichols* found 5.35 per cent of 
magnesium carbonate, but without rejection of organic matter, etc., undetermined. This 
percentage is remarkably low. A similar low figure for magnesium carbonate — 5.85 per cent — 
was foimd by E. W. Skeats^ in Lithothamnium phiUipi yblt. funafutiensis FosUe. The specimen 
was taken on the atoU of Funafuti. 

In a very fresh Halimeda opuntia Skeats found 0.60 per cent of MgCO, and 86.50 of CaCO,, 
but in a mass of fronds dredged up from a depth between 50 and 60 fathoms the percentages 
were 4.0 MgCOg to 93.59 CaCOg. The increase in magnesia may have been due to concentra- 
tion by leaching. These data are given by J. W. Judd,' who also cites an analysis of dead 
Halimeda fronds made for him by C. G. CuUis, who found in them 1.39 per cent of MgCO, and 
98.32 of CaCOj. Judd also quotes an analysis of Halimeda, cited by Payen in his Flora, which 
contained 5.50 per cent of MgCO, and 90.16 of CaCOj. The character of the specimen repre- 
sented by the last analysis, whether fresh or old, is imcertain. The best analyses agree in 
assigning little magnesium to Halimeda. 

In an important memoir on ifelobesia Madame P. Lemoine ' gives several analyses of cal- 
careous algsB. The analyses, made for her by M. Charf, are not very complete, but they are, 
nevertheless, of distinct value. The data are as follows: 

1. Lithothamnium calcareum. St.-VaaBt-la-Hougue, Manche, France. 

2. Lithothamnium calcareum. Isle Glenan, Finistere, France. 

3. Lithothamnium fomicatum. Norway. 

4. LUhophyllum inarustans. Gatteville, Manche, France. 

5. LUhophyllum incnutans. Mazagan; Morocco. 

6. Lithophyllum tortuoftum, Genoa. 

7. Lithophyllum craspedium, Tahiti. 

To the analyses as reproduced in the following table we venture to add a line for reduced 
or corrected magnesium carbonate, computed on the basis of 100 per cent for the two carbon- 
ates alone. 

Lemoine' 8 analyses ofalgx. 



Soluble in HjO., 
Insoluble in HCl 

CaCOa 

MgCOj 

Organic matter. . 

MgCOj corrected 



1 


2 


2.3 


3.0 


.0 


.0 


80.9 


75.2 


11.8 


10.7 


5.0 


11.1 


100.0 


100.0 


12.7 


12.5 



1.2 

.0 

81.6 

9.3 

7.9 



1.7 

.0 

84.4 

10.8 

3.1 



100.0 
10.2 



100.0 
11.3 



3.8 

.0 

77.7 

9.8 

8.7 



100.0 
11.2 



6 



5.7 
6.2 
73.4 
9.3 
5.4 



100.0 
11.2 



a2 

.0 

75.4 

15.9 

5.5 



100.0 
17.4 



In this series the highest magnesia is in the alga from Tahiti and the lowest in that from 
Norway. This tendency toward increased magnesia in algae from warm regions, as compared 
with those from cold waters, was noticed by Madame Lemoine, but only incidentally. The 
subject was not given any detailed consideration by her. 

Madame Lemoine also cites the older analyses of algae, including three by J. Chalon, as 
follows : 

1. Lithothamnium calcareum. Hoscoff, Finistere, France. 

2. Lithophyllum incrustans. Banyuls, France, on the Mediterranean. 

3. Lithophyllum tortuosum. Naples. 

> Field Columbian Mus. Tub. Ill, p. 31, 1906. 

* The atoll of Funafuti, pp. 376, 377, London, The Royal Society, 1904. 
'Idem. 

* Inst, oo^anographique Monaco Annates, vol. 2, fasc. 2, 1911. 
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Chalon's analyses ofalgas. 



CaCOa 

MgCOj. 

Orcramc matter. . 
Water 

MgCOj correctefl 




2 


3 


76.06 

14.38 

7.38 

1.72 


82.20 

11.57 

5.26 

.80 



99.54 
15.90 



99.83 
12. 35 



Thesef recent analyses, from the memoir of Madame Lomoine, agree well with ours and, 
notwithstanding Hogbom^s divergent data, strengthen the suggestion that the proportion of 
magnesia in the alg«e is influenced by temperature. 

The material studied by us was carefully chosen by Dr. Howe, with direct reference to the 
purpose of our investigation Every species was thoroughly identified, its locality was definitely 
stated, and the specimens were remarkably clean and free from misleading impurities. The 
results obtained by us are therefore as nearly trustworthy as it is practicable for us to make 
them. The significance of the algse in reference to dolomite was already well estabUshedby 
previous workers, but our new data strengthen the conclusions which our predecessors had 
dra^vn.* 

ADDENDA. 

Since the foregoing pages were written three more calcareous alg«e have been submitted 
for analysis by T. Wayland Vaughan. The species, with analyses by A. A. Chambers, are as 
follows: 

1. Goniolithon fratescens Foslie. Cocoe-Keeling Islands, in the Indian Ocean, latitude 12.5^ S.; longitude 
96.53° E. 

2. Goniolithon orthoblastum (Heydrich) Howe. Murray Island, Torres Straits, Australia. 

3. Lithophyllum kaiaeri Heydrich. Oocos-Keelihg Islands. 

Analyses of algse. 



SiOj.AljOj.FejOj. . 

MgO 

CaO 

i6°;v.-.::::::::::: 

Ignition 

COa needed 

Or^nic matter, etc 




3 


3 


0.11 


0.28 


5.71 


7.09 


42.39 


45.92 


Trace. 


Trace. 


.00 


.00 


50.97 


45.72 



99.18 
39. 59 
11.38 



99.01 

43.88 

1.84 



Reduced analyses. 



SiOa,Al203,Fe203 

MgdOa 

CaCOa 

S^^d^;.:::::: 



0.07 


13. 80 


86.13 


Trace. 


.00 


100.00 





0.12 

13. 66 

86.22 

Trace. 

.00 



100.00 



0.29 

15.33 

84.38 

Trace. 

.00 



100.00 



1 On the importance of algsp as reef builders see an interesting paper by Dr. Howe in Science, new ser., vol. 35, p. 837, 1912. lie cites much 
other literature. 
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These algae are much lower in magnesia than our specimens from similarly warm regions. 
The two species of (roniolithon contain little more than half as much magnesium carbonate 
as the species from Florida and the West Indies. For this difference we have no explanation 
to offer. 

GENERATE DISCUwSSION. 

In the foregoing pages we have reported 250 new analyses of marine invertebrates and have 
cited many other analyses made elsewhere. These data shed much light upon the chemistry 
of the marine sediments, and they also suggest various problems, some of them biological, 
which are yet to be solved. The limitations of our research have been pointed out in the intro- 
duction to this memoir, and are taken for granted in the following general discussion of the 
results that we have obtained. First in order we may consider the distribution of the essential 
constituents of the invertebrate skeletons, taking each one separately. 

Silica. — ^The skeletons of radiolarians and diatoms and the spicules of siliceous sponges 
consist almost entirely of opaline silica. The radiolarian and diatom oozes of the Challenger 
expedition show the importance of these organisms. In our own work we have studied only 
the sponges, and our results show nothing new. Our analysis of Ewpleddla, however, is 
•probably more complete than any previous analjrsi^ of a siliceous sponge. We have foimd 
recorded in the literature only partial analyses of sponge spicules. 

In nearly all our analyses, u\ every group of organisms, silica appears, generally in small 
but exceptionally in rather large proportions. Some of this may be essential, but in most cases 
it is an impurity. In fact, sand grains were distinctly visible in some of the specimens analyzed 
but were not readily removable. 

Alumina and iron oxide. — In most of our analyses alumina and iron oxide were usually 
determined but they are to be regarded generally as impurities due to adherent silt or mud. 
Iron is doubtless a normal constituent in small amounts. 

Lime. — The most important base in nearly all marine shells or skeletons, whether verte- 
brate or invertebrate, is lime. Only the siliceous organisms are free from it. Molluscan 
shells, the stony corals, the hard parts of millepores, some brachiopods, and the barnacles are 
composed almost entirely of calcium carbonate and contain only minor impurities. In the 
other series of marine invertebrates, with few exceptions, it is the dominant inorganic con- 
stituent. Calcium phosphate and sulphate were also determined in most of our analyses, but 
they will be considered in other paragraphs. 

Ma,gnesia. — One of the most interesting results of our investigation is the discovery that 
magnesium carbonate is much more widely distributed as an essential constituent of marine 
invertebrates than it has hitherto been supposed to be. In the Foraminifera, alcyonarians, 
echinodorms, crustaceans, and coniUine algje it is especially important, and some other organ- 
isms contain it in notable proportions. Its peculiar relations to temperature have been noted 
in several sections of this work and will be discussed more fully later. 

Our determinations of magnesia, however, are subject to at least one small correction. 
Many of the specimens analyzed contamed inclosed or adherent sea sivlts and in a few of them it 
could not be estimated. They rarely amounted to more than 2 per cent but in one analysis 5 
per cent was foimd. Sea salts contam magnesium, and its equivalent in magnesium carbonate 
must therefore be deducted from the percentag(>s of magnesium carbonate given in om* reduced 
analyses. The maximum correction to be thus applied is about 0.4 per cent but 0.1 per cent 
Would be the more common amount. In our work such a correction is negligible, for the pro- 
portion of magnesium carbonate in our important magnesian series ranges from 5 to 25 per 
cent. The small quantities of magnesia found in most mollusks and corals, however, may be 
due in part, if not entirely, to saline impurities. 

Phosphorus. — In nearly all our analyses phosphoric oxide appears, but generally in trifling 
quantities. It is abimdant, however, in the series of phosphatic brachiopods, the crusta- 
ceans, and the alcyonarians. Some worm tubes also are notably phosphatic. In reducing the 
analyses to standard form we have assumed that the phosphoric oxide is best represented 
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in combination as tricalcium phosphate, although the assumpti^ii is not absolutely proved. 
It is a pure convention, adopted for the sake of uniformity and-ttyjsinjplify the comparison 
of analyses. It is of course possible that magnesium phosphates may €-xist in some of the 
organisms and that a part of the phosphorus may be contained in their orgoW<^. flatter. Mag- 
nesium phosphates, iiowever, are very rare as minerals, whereiis calcium • phosphate is ex- 
tremely common. The organic matter decomposes after the death of the animals iuid its phos- 
phorus would doubtless appear in the sediments as a phosphate. In any case the dettji organ- 
isms are likely to be buried among calcareous sediments, where calcium phosphate- should 
he formed. Even tlie phosphatic worm tubes, in wliich the calcium is insufficient to forrii^e 
tribasic salt, would probably follow this rule. Lime from the sediments would supply th^/ 
deficiency. 

Sulphur. — In many of our analyses sulphur was determined as siUphur trioxide and recal- 
culated into the form of calcium sulphate. Part of the sulphur may reaUy exist m organic 
combination, e^speciaUy in the phosphatic brachiopods, and another part may be derived from 
sea siilts, but this part is extraneous and should not be considered as contributory to the sedi- 
ments. A correction for them would be hko that wliich we have regarded as apphcable to 
the magnesia and of the same order of magnitude. In the marine sediments generally cal- 
cium sulphate is of minor importance. 

OtTier constituents. — iVmong the inorganic constituents of invertebrates there are other 
elements than those which we have determined. The most important one of these is fluorine, 
which is probably present in small amount in all hving organisms. P. Carles,^ for example, 
has detected fluorine in the shells of moUusks — as much as 0.012 per cent in oyster shells. In 
combination with calcium phosphate fluorine may form a compound analogous to or identical 
with apatite. Its presence in vertebrate bones is well known. Boron also is widely distrib- 
uted in the animal kingdom. G. Bertrand and H. Agulhon ^ detected it in crustaceans, mol- 
lusks, and echinoderms, as well as in vertebrate animals. The presence of manganese has 
been reported in sponges and moUusks ^ and the element is probably of common occurrence in. 
other organisms. Copper has long been recognized in oysters, and was found by L. B. Mendel 
and H. C. Bradley,^ together with zinc, iron, magnesium, and phosphorus, in the liver of 
another moUusk, Sycotypus. M. Henze ^ also detected copper in the liver of cephalopods. In 
two corals G. Forchhammcr ^ found traces of copper, silver, and lead. The blood of ascidians, 
according to Ilenze,^ contains vanadium. In short, a systematic search for minor metallic 
constituents in marme invertebrates would probably show that they contain many other 
elements. This subject, however, Ues outside the scope of our investigation, and these few 
citations are enough for present purposes. 

For the intensive study of coral reefs the analyses furnished by us together with those 
cited from others are of great significance. The limestone immediately below the zone of 
living forms owes its composition to all the organisms that flourished on the reef. Algfe, corals, 
alcydharians, Foraminifera, and other forms of less importance contribute their remains to the 
building of the limestone, which may vary in compositipn as the life upon it varies. Corals 
may predominate in one place, algae in anotlier. Each reef must therefore be studied on its 
individual merits if its chemical character is to be understood. Precipitated carbonates, 
whether of bacterial origin or not, must also be taken into account, and their quantity may 
be large. At Funafuti, where tlie limestone lias been studied with unusual thoroughness, 
the order of importance of 'the leading organisms is estimated by A. E. Finckli,® as follows: 

1 Compt. Rend., vol. 144, pp. 437, 1240, 1907. 

2 Idem, vol. l.V), p. 732, 1913. 

5 Seo Cotte, J., Soc. de biologie, Compt. rend., vol. .v>, p. 139, 190:3; Bradley, II. C, Jour, liiol. Chemistry, vol. 3, p. lol, 1907; idem, vol. 8, 
p. 237, 1910. 

♦ Am. Jour. Physiology, vol. 14, p. 313, 1905. 

6 Zcitschr. physiol. Chemie, vol. 33, p. 417, 1901. 
« Philos. Trans., vol. 155, p. 203, 1S65. 

' Zeit.schr. physiol. Chemle., vol. 72, p. 401. 1911; idem, vol. S6, p. 340, 1913. 
» The atoll of Funafuti, pp. 125-150, London, The Royal Society, 1904. 
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1, Liihothamnion;^ 2, nali7nidn;'Z, Foraminifera; 4, the corals, including Heliopora and other 
alcyonarians and the.milfcipore^. Here the corals are subordinate to the algas, and even the 
Foraminifera outrtink tttfm. To call the Funafuti rock a coralline limestone would therefore 
be somewhat mi$)!^'ading. 

Chenycal-Xft/dysLs, however, is not the only factor of importance in determining the com- 
position, of '§, marine limestone. The crystalline character of the shells and skeletons, whether 
calcitijb':/)^ -aragonitic, must also be considered. For this purpose the well-known reaction 
wit6 ;«dbalt nitrate, the **Meigen reaction,'' is commonly employed, especially by W. Meigen 
.'.lijttisfelf, who has studied a considerable number of organisms, both recent and fossil, and some 
• /c^f his determinations ' relate to genera examined by us. For those, excluding fossil forms, 
the data are as follows: 

CalcUe, Aragonite. 

Lithothamnium. Alga. Halimeda. Alga. 

Lithophyllum. Alga. Galaxaura. Alga. 

Polytrema. Foraminifer. Millepora. Hydromeduaa. 

Corallium. Alcyonarian. Distichopora. Hydromeduaa. 

Tubipora. Alcyonarian. Heliopora. Alcyonarian. 

Serpula. Annelid. Spirula. Cephalopod. 

Terebratula. Brachioixxi. Sepia. Cephalopod. 
Argonauta. Cephalopod. 
Balanufi. Crustacean. 

Of these genera, so far as they have been studied chemically, all in the aragonito column 
are almost completely nonmagnesian. The trifling amounts of magnesia which they contain 
may be due to impurity or to alteration. Two in the calcit« column, Terebratula and BaJanus, 
are ako nonmagnesian, and the others are all rich in magnesium carbonate. Meigen also tested 
twenty zoanthaiian corals, all aragonitic and nonmagnesian, and a considerable number of 
moUusks. Some of the moUuscan shells were aragonitic and some were calcitic, but all except 
'Argoriavia were nearly free from magnesia. One echinoderm in Meigen's list, of a genus not 
represented in our series of analyses, was calcitic, and so too were ours. All the echinoderms, 
so far as we know, are distinctly magnesian. In short, it seems probable, in the light of existing 
evidence, that all aragonitic organisms are essentially nonmagnesian; and that those char- 
acterized by the presence of much magnesia are calcitic. Many calcitic forms, however, are 
practically free from magnesia. The general relation thus brought out is very suggestive. 
Magnesium carbonate associates itself only with calcite, with which it is isomorphous, rather 
than with aragonite of different crystalline form, but why some organisms should secrete 
calcite and others aragonite in building their shells or skeletons is as yet unexplained, although 
the difference may be of physiologic origin, and may perhaps be correlated with differences of 
structure. 

The considerations presented in the preceding pages bear directly upon the problem of 
the origin of marine dolomite. We now know what classes of organisms supply magnesia to 
the limestones and something also of what may be called their mineralogic nature. The dolo- 
mite ratio between the two carbonates is, however, never directly reached; there is always at 
first a large excess of calcium over magnesium, and a mixture is formed instead of the true 
double salt. To produce dolomite the original limestone must either be enriched by magnesia 
derived from sea water or else concentrated by leaching away of lime; furthermore, its two 
component carbonates must be somehow forced to combine. These processes may be operative 
simultaneously, but it is more probable that the change from magnesian limestone to dolomite 
is brought about by a series of steps, taken one at a time. 

In this connection the report on Fimafuti, already cited, is remarkably suggestive. On 
that atoll or island a committee of the Royal Society put dowai a boring 1,114 feet, in lime- 
stone all the way. The rock throughout contained organic remains and was studied both 

' The term Lithothamnion as used in the Funafuti report is general, and includes not only Lithothamnium, but also Lithophyllum, Goniolithon, 
and perhaps other genera. See Atoll of Funafuti, p. 332, London, The Royal Society. 1904. 
* Naturf. Oesell. Freiburg Ber., vol. 13, p. 40, 1903. 



GENERAL DISCUSSION. 

microscopically and chemically. At a depth of 4 feet from the surface it cont 
cent of magnesium carbonate, and at 15 feet 16.4 per cent. To this point a 
by leaching is indicated, even if not absolutely proved, and it is probable that 
soluble nonmagnesian aragonitic structures had been in part at least dissolve 
unstable aragonite is more easily dissolved than calcite, a relation so well establisl 
not need to be discussed here.* The fact that many sections of the core are desc 
emous" in structure is additional evidence that solution had occurred. Solutio 
by the carbonic acid generated during the decomposition of the organic matter of 
and through its. agency calcite would be dissolved also. Magnesium carbonat 
readily removed. 

At a depth of 25 feet the core contained 16 per cent of magnesium carb 
specimen examined consisted largely of LAtkothamnion remains, which accounts 
sition. On the other hand, the core at 40 feet carried only 5.85 per cent of magr 
at^ and was in great part composed of Tldiopora and MiUepora^ both originally : 
The core sections evidently varied in composition according to the variations in 
from which they were formed. A sample taken only a few feet away from the 
have had a different composition. Some fluctuations in the series of analyses ma; 
for in this way. 

Below 40 feet the magnesian content of the rock diminished rapidly, 
point to 0.79 per cent of magnesium carbonate. Between 40 and 637 feet tiie • 
the rock was about that of an ordinary limestone, but at the latter depth crysti 
began to appear.' At 640 feet the percentage of magnesium carbonate was 
increased, with some fluctuations, to the final depth of 1,114 feet. At 950 feet 
per cent and at the lowest depth it was 41.05 per cent. From 640 feet downwar 
essentially dolomite, although it contained an excess of calcite. Pure dolomite 
per cent of magnesium carbonate, a figure that was very nearly approached. 

The column of rock represented by the Funafuti boring thus appears to be 
three fairly definite zones. The surface layer is about 25 feet thick, and its 
directly determined by the organisms living above it. In this zone the evide: 
tration by leaching is quite clear. From 25 feet down to 640 feet the rock i 
limestone, with very little magnesia. The lowest zone, from 640 feet downwar 
and the dividing line between this and the limestone above is very distinct, 
the proportion of magnesium carbonate in the rock rises from 2.44 to 26.33 per 

To account for all the differences in the Funafuti column does not fall wi 
of this investigation, even if it were possible to explain them. Possibly the lii 
middle zone was laid down during a period when nonmagnesian organisms '^ 
much more abundant than they are now. This supposition, however, does n- 
the sudden change from limestone to dolomite in passing from the second to tl 

In order to partly explain these changes we venture to offer some pure 
suggestions, believing that speculation is legitimate if it tends to stimulate invej 
provoke a closer scrutiny of existing evidence. 

The lowest portion of the Funafuti rock is, of course, the oldest, and it cont; 
of Lithothamnian and other organisms which flourish abundantly only at mo 
Magnesia was then concentrated in the rock, in part directly from living fom 
by leaching, as at present. The thickness of the rock shows that it must have 1 
during a long period of depression, which may have submerged the island to a c 
few of the magnesian organisms, especially the algro, could thrive. A prolonged 
of equilibrium, then followed, during which very little rock was formed, and 
much of the dolomitization took place. 

The period of rest was succeeded by one of elevation, which brought the < 
again to the surface, when reef building began anew, but with relatively fe\ 

1 This leaching at Funafuti has already been pointed out by J. W. Judd in The atoll of Funafuti, p. 384 
< See the petrographic report by C. O. Cullis in The atoll of Funafuti, pp. 303-430. 
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organisms than formerly. Between 552 and 660 feet the nonmagnesian Halimeda is the main 
constituent of the cores. The new rock, then, was less magnesian than the older, and the 
sharp break between the two zones becomes intelligible. Magnesian organisms were not 
extinct, for their remains appear throughout the Funafuti cores, but they were much less 
abundant than at first. Wliether this supposition is true or not might be determined by a 
quantitative study of the thin sections of the rock, which ought to be still in existence. The 
published records of thoni seem to bo purely qualitative, except in so far as they indicate the 
frequency of occurrenc^e of the diflFercnt organisms. They do not show their relative quanti- 
ties.* At present miignesian organisms predominate and their composition is reflected in the 
composition of the surface limestone. 

Our assumptions regarding changes of sea level at Funafuti are not altogether imaginary. 
In their report upon the geology of the island T. W. E. David and G. Sweet ' assert that — 

the surface geological evidence collected by us proves, in our opinion, that several oscillating vertical movements 
of the above liave taken j)Iace in the immediate j^ast at Funafuti, and we shoi:]d not, therefore, be surprised if the 
evidence gained from the core shows that movements of the shore line in botli directions have occurred at Funafuti 
at earlier epochs. 

The chemical and algal evidence reinforce the physiographic evidence. On the formation 
of '* coral reefs** during subsidence or elevation there isan abundant literature, which we can not 
attempt to summarize. We are dealing with a specific instance from a single point of view. 
The subject is one over which there has been much controversy. Our principal assumption, 
which may or may not be sustained, is that the dolomitic zone at Fmiafuti represents an old 
reef upon which the present reef is superimposed. A similar basing of new reefs upon older 
ones has already been pointed out by T. Wayland Vaughan.^ 

On many other islands in the South Pacific dolomitized limestones which were originally 
reefs are found at elevations hundreds of feet above sea level. A number of these rocks have 
been described by E. W. Skeats,* who made good series of chemical analyses of them and also 
discussed their origin. Organic and especially algal remains were common in the rocks and 
were clearly recognizable in spite of the fact that in many places they had been much altered 
by the process of dolomitization. In these islands an elevation of the land had clearly taken 
place. Similar Ihnestones from the Fiji, Tonga, Paumotus, and Ladrone islands have been 
studied by R. L. Sherlock,^ who found them to be composed in great part of algal and fora- 
miniferal remains. Among 47 thin sections which he examuied, ^^LUhothamnion^^ was 
found ifi 35, Polytretna in 21, echinoderm fragments in 17, and corals in 15. In short, all the 
evidence goes to prove the importance of the algje as limestone builders and the subordinate 
character of the corals. This importance is now fully recognized by students of marine lime- 
stones and by paleontologists generally. 

It is not our purpose to discuss the origin of dolomite in general, for probably the rock 
originates in more than one way.*^ At Fmiafuti, however, and at other similar localities marine 
organisms have much to do with its origin, and that phase of the dolomite problem may appro- 
priately be considered here. The first step in the process, concentration by leaching, has 
already been described, but that is oiJy a begimung. Tlie living organisms, plant or animal, 
contain much less magnesia than is recjuired to form dolomite, and its quantity must be in- 
creased from some outer source. That source, or at least the only source which we can dis- 
cover, is foimd in ocean water, ui which magnesium is much more abundant than calcium. 
This source has been recognized by ma!iy authorities, and it is generally assumed that an ex- 
change may occur between tlie magnesium of the water and the calcium of the limestones, the 
one replacing the other. This assumption is due to J. D. Dana,^ who sought to explain the 
dolomitization of a limestone on the island of Makatea. 



1 The atoll of Funafuti, tables on pp. 336-361. 

* Idem, p. 88. 

* Papers from the Tortugas laboratory of the Carnegie Institution of Washington, vol. 5, p. 66, 1914. 
< Idem, vol. 42, p. 51, 1903. 

» Mus. Comp. Zool. Rull., vol. 38, p. 349, 1903. 

* For a rather full summarv of the subject see Clarke, F. W., The data of geochemistry, 3d ed., U. 8. Oeol. Survey Bull. 616, pp. 559-671, 1916. 
7 Corals and coral islands, 3d ed., p. 393 [1890]. 
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That an enrichment in magnesia from sea water is possible is shown by some experiments 
made by C. BQement/ who found that a concentrated solution of magnesium sulphate and 
sodium chloride, at 90° C, attacked aragonite and corals strongly, yielding a mixture of car- 
bonates containing as high as 41.9 per cent of magnesium carbonate. Calcite, on the other 
hand, was but slightly altered. In the light afforded by these experiments the nonmagnesian 
aragonitic organisms assmne new importance, and are perhaps more influential in the produc- 
tion of dolomite than the distinctly magnesian species. Their solubility is evident in the 
first stage of magnesian concentration; their alterability is eflFective in the second. 

Klement's experiments, however, were performed with concentrated solutions and at a 
rather high temperature. Under natural conditions, with less concentration and at lower 
temperatures, the same reaction may take place very slowly but be equally complete in time. 
Years, or even decades, may be needed to effect such changes as were produced in the laboratory 
within 48 hours. In the study of geochemical processes the time factor must always be taken 
into account. 

So far, according to Klement, a mixture of the two carbonates has been found. To convert 
them into the double carbonate, dolomite, another step must be taken, and here again time 
may be important. A porous rock has been produced, which is saturated with water and 
buried at a depth which subjects it to considerable pressure. If the two carbonates of calcium 
and magnesium were perfectly dry, pressure alone would probably not effect their union, but 
under the influence of moisture, with slight solution going on at the surfaces of the solid par- 
ticles, there would be a degree of molecular mobility which might bring about combination. 
This is probable, although so far as we know it has not been actually proved. The establish- 
ment of the facts ought not to be beyond the range of experimental investigation. Views 
similar to ours relative to the formation of dolomite have already been advanced by Gr6n6ral 
E. Jourdy, who especially recognizes the importance of the algsp, of aragonite, and of time. 
Much remains to be done, however, before the problem of dolomitization can be completely 
solved.^ 

On the subject of phosphate rock we have Uttle to say. We have shown that several 
groups of organisms are rich in phosphates, but the extent of their contributions to the sedi- 
ments is uncertain. At best they can at first form beds of only moderately phosphatic lime- 
stone, which may perhaps be concentrated by the leaching away of the excess of carbonates. 
Vertebrate skeletons are also phosphatic and may possibly be more important additions to the 
sediments than invertebrate remains. In some locahties Umestones have been phosphatized 
by percolations from beds of guano,^ but that process is not one which needs to be considered 
here. It has no relation to the present research. 

In the course of our investigation we have made one very curious discovery, to which 
we have repeatedly called attention, namely, the fact that in certain groups of organisms the 
proportion of magnesium carbonate is dependent upon or determined by temperature. The 
crinoids and alcyonarians show this relation very clearly, and it is also suggested by our analyses 
of Foraminifera, crustaceans, and algae. As a rule the organisms from warm waters are much 
richer in magnesia than those from coki waters, and the observed differences are often strikingly 
conspicuous. This rule, or rather tendency, we are inchned to believe is general, although we 
must admit that there are probably exceptions to it. Whether the increase in magnesia in 
passing from cold to warm regions is absolutely regular or not we do not venture to say, but 
apparent irregularities may be due to any one of several different causes. Shght analytical 
errors, uncertainty as to exact temperatures, impurities in the specimens analyzed, and differ- 
ences m the concentration of sea water may all help to produce irregularities, which, however, 
are not hkely to be large. The saUnity of ocean water is very variable; it is 3.5 per cent in 
the great ocean, 4 per cent on the southern shores of the Mediterranean, and less than 1 

1 Min. pet. Mitt., vol. 14, p. .')2<), imi. Sec also Pfaff, F.^V ., Centralbl. Mineralogie, 1903, p. 659, and Neues Jalirb., Beilage Band 9, p. 485, 1894. 
Two separate papers. 

« Soc. g^l. France Bull., 4th ser., vol. 14, p. 279, 1914. 

s In The data of geochemistry: U. S. Geol. Survey Bull. 616, pp. 519-528, 1916, a summary of our knowledge of phosphate rock may be found. 
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per cent in the Baltic, diflferences that are great enough to exert some influence upon the vital 
processes of marine animals. Although the ratio between calcium and magnesium is prac- 
tically constant in all oceanic waters, a concentrated water would contain more magnesium, 
volume for volume, than a water that was more dilute. Whether an organism living in a 
concentrated water would assimilate more magnesia because of its enriched environment no one 
can say, but conceivably it might do so. The influence of temperature might in that way be 
slightly modified. This is only a suggestion, not a statement of established fact. That warmth 
favors the assimilation of magnesia by marine invertebrates seems to be reasonably certain, 
but why it should be so is not clear. The relation is definite but as yet unexplained. We 
hope it is not inexpUcablc. 

Attempts will probably be made to use our cj|ita in studies of climatology, but are such' 
attempts Ukely to be fruitful i The question is not easy to answer. At a first glance it would 
seem as if warm regions should be more favorable to the fonnation of magnesian limestones 
than cold regions, but the evidence is by no means conclusive. A dense population of cold- 
water organisms might add more magnesia to the sediments than a sparse population of warm- 
water forms. The massiveness of the animals must also be considered. The alcyonarian 
Paragorgia arborea, as its specific name indicates, grows to treelike dimensions, but its skeleton 
contains only about 9 per cent of magnesium carbonate. Tropical alcyonarians are much 
richer individually in magnesia, but they are not so large. One Paragorgia would therefore 
count for more than many smaller alcyonarians in the formation of magnesian limestone. 
If, however, the warm-water organisms are as abundant as the cold-water forms^ and if their 
aggregate mass is as great, then the tropical Umestones of marine origin should be more richly 
magnesian than those from higher latitudes. The determination of the facts we must leave 
to zoologists. 

In conclusion we must express our thanks to the oflBcers of the United States National 
Musemn and the Geological Survey who have aided us by furnishing authentic material for our 
investigations. Messrs. Paul Bartsch, Austin H. Clark, WiUiam H. Dall, W. L. Schmitt, and 
T. Wayland Vaughan have all been most generous with their services. Dr. Marshall A. Howe, 
of the New York Botanical Garden, has also been most kind in supplying us with algae. Without 
the help of these friends our research would have been impossible. 

o 
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BRACHYCERATOPS, A CERATOPSIAN DINOSAUR FROM THE TWO MEDICINE 
FORMATION OF MONTANA, WITH NOTES ON ASSOCIATED FOSSIL 
REPTILES. 

By Charles W. Gilmore.* 



INTRODUCTION. 

The fossils on which this paper is based were collected by me and my assistant, 
Mr. J. F. Strayrer, during the summer of 1913, while working xmder the auspices of the United 
States Geological Survey on the Blackfeet Indian Reservation, in northwestern Montana. The 
specimens were obtained from exposures. of the Two Medicine formation along Milk River near 
the Canadian boundary, in T. 37 N., R. 8 W., about 30 miles northwest of the town of Cut 
Bank, Mont., and along Two Medicine River in T. 31 N., R. 7 W., about 15 miles southwest of 
Cut Bank. Vertebrate remains were foimd at these places in 191 1 and 1912 by Eugene Stebinger, 
while he was engaged in Geological Survey work, and he was the first to note that the localities 
are good fields for finding specimens of fossil vertebrates.* Although the present collection is 
small, it is of considerable scientific interest because it supplements the collections made in 
neighboring areas by other investigators, and because it contains a new geniis of Ceratopsia in 
addition to other recognizable specimens which afford evidence that considerably extends the 
geologic and geographic ranges of forms heretofore described. 

The beds from which the collection was made constitute the upper part of the Two Medi- 
cine formation, which includes the equivalent of the Judith River formation and some older 
beds. The fossiliferous beds are also the equivalent of the upper part of the Belly River forma- 
tion as foimd in neighboring areas of Canada. 

The fauna of the American Judith River formation, although diversified, is very inade- 
quately known. Many of the genera and species have been founded on specimens so scant and 
fragmentary that it is almost impossible to refer to them subsequently discovered and more 
perfect materials. Recent collections made by L. M. Lambe, of the Canada Geological Survey, 
and by Barnimi Brown, of the American Museum of Natural History, from the BeDy River 
formation along Red Deer River in Canada, however, have placed this fauna on a more 
sohd basis. 

The purpose of this paper is to give as complete and detailed a description of the skeletal 
anatomy of Brachyceratops montanensis as the material at hand will permit and to discuss 
briefly, in systematic order, other forms represented by specimens in the collection made 
in 1913. 

I take this opportunity to express my thanks for assistance rendered and for courtesies 
extended at many times, both in the field and during the preparation of this report, by 
Messrs. M. R. Campbell, T. W. Stanton, and F. H. Knowlton, and especially by Mr. Eugene 
Stebinger, all of the United States Geological Survey. 

STRATIGRAPHY OF THE TWO MEDICINE FORMATION. 

By Eugene Stebinger. 

AU the vertebrate fossils described in this report were collected from a single formation of 
Montana (Upper Cretaceous) age, to which the name Two Medicine formation has been appUed 
recently by the United States Geological Survey. It occurs throughout the part of the plains 

1 Assistant curator of fossil reptiles, United States National Museum. 
* Stebinger, Eugene, Washington Acad. Sci. Jour., vol. 4, p. 383, 1914. 
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re^on in Montana that lies at the east base of the Lewis Range and the mountains inunediately 
to the south. The formation is well exposed in all the larger stream valleys, and at many places 
along those streams it is carved into intricate badlands. (See PI. II, A.) The rocks are soft 
and light colored, white to gray and greenish gray being the prevailing tinte, and are chiefly 
clay, day shale, and soft sandstone. The sandstones are very irregular in thickness, thinning 
rapidly in short distances, and in places are strongly cross-bedded, being in part at least of 
eoUan origin. Thin beds of red clay and thin nodular hmestones are occasionally foimd. The 
formation averages 2,000 feet in thickness and is very uniform in appearance throughout, 
except that its lowest 250 feet is more sandy than ite upper part. 

Besides a remarkable abundance of vertebrate remains, the fossils in the Two Medicine 
formation include both invertebrate and plants. The invertebrates, according to T, W. 
Stanton, are principally fresh-water types, and Vnio, 
Viviparus, and Oampelama are the most abundant 
genera. Brackish-water fonns are also frequently 
"sandstoie -«'^iLJ3iS..'1IKIir^ found, especially in the lower sandy portion. Fossil 

^^ wood, some of it in complete sections of tree trunks as 

much as 18 inches in diameter, is abundant. The flora 
Bear-paw ^o far Collected is reported by F. H. Knowlton to be 

Ibo' of Belly River age. The evidence of rapid and insu- 

lar deposition afforded by the lithology of the forma- 
tion, together with the presence of a dinosaur fauna, 
of land plants, and of fresh-water shells, leaves little 
doubt that the rocks as a whole are continental in 
origin. 

Fortunately, the stratigraphy of the Two Medicine 
formation and the formations associated with it can be 
very easily deciphered, because of the simplicity of the 
nearly horizontal structure and the general excellence 
of the exposures throughout large areas of the Montana 
group in northwestern Montana. The fact that the 
Two Medicine formation lies below one marine clay shale 
carrying a Pierre fauna and above another marine shale 
carrying an upper Colorado fauna is well estabhshed. 
According to recent work' the section of the Montana 
group, including the Two Medicine formation, as ex- 
posed on Two Medicine River between its mouth and 
sa'nStone ^^r^LZ£!^rZ!M^t Family post office, contains four hthologic units, which 

^^° have been designated VirgeDe sandstone, Two Medicine 

formation, Bearpaw shale and Horsethief sandstone. 
FiQURE 1 -ocDmUi«d sectioD ot the fonnationa of (he (goo fig. 1.) The Colorado shale, carrying a charac- 
?l^'T^''iE ^IZ^^rh^rr'rT'^M^- teristic marine fauna, underhcs this group of formations 
cilia formation from which most of the vcrubratis and appears in the sectiou at the mouthofTwoMediciue 
dwcrihedin.hisrcport^coiiecMd Rivcpunder bold cUffs of VirgcUe sandstOHfl. Traced 

northward the Virgelle sandstone and Two Medicine formation prove to be exactly equivalent 
to the Belly River beds as mapped by Dawson' in southern Alberta. Dawson recognized the 
prominent sandstone at the base of the Belly River formation and described it in detail but not 
as a separate formation. In Montana this basal sandstone has been traced over a large area 
in the western part of the State and has everywh<:re been recognized as a distinct mappable 
unit. This made it impossible to use Dawson's designation Belly River for any of the rocks 
in Montana, and the name Two Medicine was therefore adopted for the upper part of Dawson's 
original formation. On the other hand, the relations of the Judith River formation to the Two 
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Medicine formation became apparent on tracing the formations eastward toward the type area 
of the Judith River formations in central ]^Iontana. The Judith River formation proves to be 
equivalent to only the upper part of the Two ]^Iedicine formation, which in its entirety is equiva- 
lent to the upper part of the Eagle, the Cla^ett, and the Judith Rivcfr formations combined. 

The stratigraphic positions of the three principal horizons in the Two Medicine formation 
at which the fossils here described were obtained are indicated bv arrows on the columnar sec- 
tion. (See fig. 1.) All the vertebrate remains collected in 1913 were obtained from the upper 
half of the formation, so that the base of the overlying marine shale, the Bearpaw, was the most 
convenient datum for fixing the stratigraphic position of the fossil Irx^alities, This upper part 
of the Two Medicine formation is x^rj fo8silif<rat>us, bone fragments l>eing alnindant throu^^mt 
the strata and no weD-marked zonal distribution being apparent. For the sake iA stratigraphic 
accuracy three horizons at which most of the specimens were c^illected are Ai^fierWHtA }M*hj^, 
without implying that the distribution of these fossils is at all limited to these horizons. Ilim* 
zon No. 1, at which Braekyceratops montanensis and Bypacromurus altUpintis\ were collected 
on Milk River in T. 37 N., R. 8 W., lies 340 feet below the base of the Bearpaw shale as exposed 
on the slopes of Landslide Butte on the south edge of this township. In the X. | sec, 27 the beds 
at this horizon lie immediatelv above a zone of clavs about 10 feet thick filled with minute 
sheD fragments (see X-X, PL 11, ^ ), apparently mainly Unios, which serves as an excellent marker 
fcM* the bone bed above it, from which Braekyceraiops and Hypacromums were coOteUsd. This 
shell zone can be traced for about half a mile northwestward, to a pcnnt where the river valley 
turns abruptly northward, and is marked throughout by abundant fossil belies. All the specie 
mens cS Bradkyeeraiopg monianeruM were found 1^ miles north o( this locality (see Fl II, Cf, 
on the strike of the gently westward-dip|Hng beds, at nearly the same elevation and therefore at 
approximately the same stratigraphic position. Horizons 2 and 3, at jsiuch material was ec4- 
lected on Two Medicine River in T. 31 N., R. 7 W.. were fixed strmtigrajrfiicaDy by measuring 
downward from the base of the Bearpaw shale as exposed 6 miles to the west. Hcvtzon 2, at 
whidi an unidentified trachodont (No. 7955, U. S. N. 3L) was edOected on the south fade of 
Two Medicine Rivn* in the X£. \ see. 15 (see H. 11, R), is about 490 feet bdcrw the Bearpaw 
shale. Horizon 3, which yielded a trachodont on the south side of the river, but in the XE. | see. 
12 (Xo. H058. U. S. X- M. «, is 445 feet lower, being approximately 935 feet below the same shale 
and therefore very near the center of the Two 3iedicine formation. 

FAUNA or THE TWO MEMCIXE AND BELATED POKMATIONS. 



Tcstebrmte fossils are foond throi^hoiit the upper part of the Two Medicine formation, and 
neaiiy afl of them belong to the class Rep^iha. The grtMt umnber fA tnurhodorits foond appears 
to indkate that these were the mo^ abundant dirjosaoi^ fA the eporh. Their remains are d^ 
tribiited from the base to the very top fA the beds rtpree^enxinz the upper half of the Two M^di- 
cine formation, as exposed in the lotalitics visited in 1913 along Milk aud Two ifedi^je riven. 
On e^rh of the 15 A^ys ^pent in pffKispetting h to 14 specimens saStientlr completer Us be raeog- 
nized a^ pertaining to the Tracfaodontidae were d^covened. Only a few fA xhf^^, i^/werer^ wene 
p e tfa r .t ecjOQgh to warrant roDetting. azjd lAfLie were intart. thr^ogh mar^y UphA itj the Edjoor^itoo 
and Befly Riv«r areas ir. Canada and in the Laz««^ fonnation of WT<j«nmg and ifemtana w<««; 
atil artiittxlat^^ 

Xext to the Tr^iiodocitidae the Ceratopadae were most abondant. Imh of the half a dosE^n 
spcrimecis fotsul ocJy otje ^%ht type spei^tmec of Bmdkfcer^/yif m/^^MM^eMM. if of *i^^nji&h 
MA0Tes>?k. ti^ fibers fxxm^ijuz ^her of ^cj^ Iwoes or of fragna!?^'^ «o ht^ir wKaitheri^ aft to be 
«f hizif: vtl'ae. They *hr/w. however, the exK<eQ«r her?- of htrp: members ^A tiut fsr^mp. 

Jinz^jmA d^ii06aiir§ were VPe^i^xA in tbe«^ W^aEii«§, ^^ irjdic^at^ bv the firjisrj? of xi^ d^mal 
|riaU9% *A a B^sn!:^^ of iktt AiJ^jif^'AJssydjL^, ptfrnskfXjiSkj T^A^tv^rd to the p^xum EmrKffi^.^c^/4talm4. 

T^^ci of fanurvoroi^ dir</^*]ar& ar*- ^/asrofjc^ bot ^tk^ifa^ml moaasm aff^ukr to l^ rar»r, ^^x^iefit 
mt mu^ ^^MLjfsft, It w^jv^ld ap;^!«r from is^t «#^ar^ eridec^^ that ^^mnal sBttl ioMmmtarh of witt^ 
Bait tk ks^j^m irred at tiia^ tOM*. 
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Fragments of turtles are plentiful, but no complete shells were observed. The soft-shelled 
kinds appear to predominate. A few teeth and single bones of extinct crocodiles were found, 
but only two vertebral centra of the long-snouted rhyncocephaUan reptile Cluimpsosaurus, 
which is abundant in some areas of the Belly River formation. 

Isolated scales and plates of ganoid fishes, probably referable to the genus Lepisosteus, were 
found here and there throughout the beds. 

The genera and species identified from this small collection from the Two Medicine formation 
are as follows : 



Ceratopeiclae: 

Brachyceratope montanensis Gilmore. 

Ceratopedan, gen. and sp. undet. 
Trachodontidae: 

Hypacroflaiirufl altispinus? Brown. 

Stephanosaunis maiginatus? (Lambe). 

Trachodont, gen. and sp. undet. 

Trachodont, gen. and sp. undet. 
Ankylosauridae: 

Eiuroplocephalus sp. 



Rhyncocephalia . 

Champeosaurus sp. 
Chelonia: 

Basilemys sp. 

Aspideretes foveatus (Leidy). 

Aspideretes sp. 
Crocodylidae: 

Leidyosuchus sp. 
Pisces: 

Lepisosteus sp. 



The vertebrate faima of the Two Medicine formation, as represented by this small collec- 
tion, although too meager to serve as a basis for close comparisons with related faimas, accords 
with the stratigraphic evidence for the correlation of the upper part of the Two Medicine forma- 
tion with the dinosaur-bearing beds of the Judith River and Belly River formations. This is 
shown not so much perhaps by identity of forms as by the primitive facies of the fauna as a 
whole, and also by the similarity in degree of development of some of the principal representa- 
tives of the Dinosauria. The latter statement is especially appUcable to members of the family 
Ceratopsidae. In order to make this assertion a Uttle clearer, it may be well to review briefly 
the development of the Ceratopsia. * 

The earUest ceratopsians known were found in the Judith River and Belly River forma- 
tions. The group occurs also in the Eklmonton and in the upper part of the Lance. 

In contrasting the ceratopsians from these formations the chief differences are f oimd in the 
structure of the skull, especially in the comparative sizes of the postorbital and nasal horn cores 
and in the open or closed structure of the. nuchal frill. In the Judith River, Belly River, and 
Two Medicine ceratopsians the nasal horn is usually the larger, whereas the postorbital horns 
are small, rudimentary, and sometimes wanting. In the Lance ceratopsians the opposite con- 
dition is imiversal. The fenestrated frill is a feature of all the earher ceratopsians, but is retained 
in the Lance forms only by Torosaurus and in lesser degree by DiceratopSj all others having a 
complete bony frill without fenestration. 

The earliest known Ceratopsia may be contrasted with those from the Lance formation as 
follows: (1) The individuals are smaller, (2) the nasal horn core is usually larger than the 
postorbital horn cores, (3) the nuchal frill is imperfectly developed, (4) the postfrontal and 
dermosupraoccipital bones are less perfectly united, (5) the squamosals are shorter, and (6) the 
dentition is reduced. 

With all these primitive characteristics the single known Two Medicine genus Brachy- 
ceratops is in exact accord. In addition it may be said that Brachyceratops montanensis appears 
to have its closest affinity with Morwclonius^ dawsoni Lambe from the Belly River of Canada. 

Previous to 1913 only three recognizable genera of the Ceratopsidae (MonodoniuSy Ceratops, 
and Centrosaurus) were known from the Judith River and Belly River formations. Since 1913, 
however, the discovery of new material has more than doubled the number of described genera, 
Lambe having estabUshed the genera StyracosauruSy* Chasmosaurus,^ Eoceratops* and Protoro- 

1 Since this observation wqb made (1914) Lambe has referred his species to Bmchycrratops (Lambe, L. M.,On Eoceratopa canadensis, gen. now, 
with remarks on other genero Of Cretaceous horned dinosaurs: Canada Geol. Survey Mas. BulL 12, Geo!, ser., No. 24, p. 18, May 7, 1915). 

> Lambe, L. M., A new genus and species of Ceratopsia from the Belly River formation of Alberta: Ottawa Naturalist, vol. 27, pp. 109-116, 
pis. 10-12, 1913. 

* Lambe, L. M., On Oryposaurus notabUis. a new genus and species of trachodont dinosaur from the Belly River formation of Alberta, with • 
description of the skull of Chasmosaurus belli' Idem, p. 155, pis. 19, 20, February, 1914. 

* Lambe, L. M., op. cit. (On Eoceratops canadensis, etc.), pp. 1-25. 
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muru8,^ from the Belly River of Canada, and Brachyceratops ^ having been added from the Two 
Medicine formation of Montana. Sufficient material of Brachyceratops was obtained to permit 
a skeletal restoration. (See PI. IV.) 

Recent explorations in the Edmonton formation show that these beds have a characteristic 
ceratopsian f amia, regarded by Brown • as being intermediate between that of the Judith River 
and Belly River formations on the one hand and that of the Lance formation on the other 
hand, with affinities nearer those of the former. The fact that a number of specimens from the 
Edmonton of Canada are as yet undescribed renders it impracticable at this time to make a 
close comparison of this faima with those of the formations named. It should be mentioned, 
however, that none of the ceratopsian genera of the Judith River, Belly River, or Two Medicine 
formations are known to have continued into either the Ekimonton or the Lance. 

As stated previously, the trachodont reptUes were the most abundant dinosaurs of the 
Judith River, Belly River, and Two Medicine formations, and recent discoveries have shown 
them to be almost as diversified in their structure as the contemporary ceratopsians. 

If the genera SaurolophiLSf Eypacrosaurus, StepJianosaurua, and Kritosaurus and the five 
species described since 1910 are included, no less than 15 genera and 25 species of North Ameri- 
can Trachodontidae have been described. The hst as known in 1902, however, consisting of 10 
genera and 20 species, should be greatly reduced. Hatcher * favored the retention of only two 
genera, Claoaaums and TrachodoUy considering that the remaining eight were synonyms of 
TmcJiodon. Claosaurus he would restrict to the single species from the Niobrara formation of 
Kansas. The finding of more perfect material, however, has shown that several of the species 
formerly referred to Trachodon represent distinct genera and that Hatcher's proposed reduction 
was too radical. Of the several genera estabhshed on good specimens it appears very Ukely 
that some will yet prove to be synonyms of earUer-described genera foimded on fragmentary 
material, but this can be determined only by careful comparison of all the type specimens. 
Until such a revision is made few of the earUer described forms will be of use in correlation or 
in working out the phyletic or other relations of the group. Hatcher was probably correct in 
restricting Claosaurus to the single species from the Niobrara formation. It is unfortunate, 
however, that his opinion that the genus Tra^iihodon should include species from the Judith 
River to the close of the Lance has become so widely accepted by vertebrate paleontologists. 
In the first place, the type species of the genus ( Trachodon mirahUis Leidy) came from the 
Judith River formation and was founded on inadequate material, consisting of "specimens of 
teeth generally very much worn and in a fragmentary condition," with which it is wholly 
impossible positively to identify better specimens discovered subsequently. That Hatcher 
later realized this fact is clearly shown by his statement that *' Although the trachodonts are 
easily distinguished by their teeth from the other Dinosauria of these beds (Judith River), it 
is scarcely possible to identify the various species of this genus or the genera of the family 
from the teeth alone.' ^* 

Even though it may eventually be found that Trachodon can be placed on a soimd footing, 
there is reason for beheving that the genus is not present in the Lance, • as shown by the less 
number of teeth in all the known specimens from the Judith River, Belly River, and Two 
Medicine formations. 

In the Lance trachodonts, several complete dentaries of which are included in the United 
States National Museum coUections, the rows of teeth vary from 52 to 57. All the Judith River, 
Belly River, and Two Medicine trachodont dentaries in the collections have fewer rows, varying 
in number from 39 to 46. The same difiference exists in the few maxillae available. It thus 

1 Lambe, L. M., On the fore limb of a carnivorous dinosaur from the Belly River formation of Alberta, and a new genus of Ceratopsia from 
the same horizon, with remarks on the integument of some Cretaceous herbivorous dinosaurs: Ottawa Naturalist, vol. 27, pp. 131-135, pi. 14, 
January, 1914. 

* Gilmore, C. W., A new ceratopsian dinosaur from the Upper Cretaceous of Montana, with note on Hypacrotaurus: Smithsonian Misc. Coll., 
vol. 63, No. 3, pp. 1-10, pis. 1-2, 1914. 

s Brown, Bamum, Cretaceous correlation in New Mexico, Wyoming, Montana, and Alberta: Geol. Soc. America Bull., vol. 25, p. 374, 1914. 
« Hatcher, J. B., The genera and species of the Trachodontidae (Hadrosauridae, Claosauridae) Marsh: Carnegie Mus. Annals, vol. 1, p. 385, 1902. 

• Stanton, T. W., and Hatcher, J. B., Geology and paleontology of the Judith River beds: U. S. Geol. Survey Bull. 257, pp. 06-07, 1005. 
•Oilmore, C. W., Qn the genus Trachodon: Science, new ser., vol. 41, pp. 658-660, 1015. 
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seems that the earhest known trachodonts, Uke the more primitive ceratopsians, have fewer 
teeth, so that now it may be safely asserted that one of the marked phases in the specialization 
of the members of this group in successive geologic periods is the progressive increase in the 
number of teeth in the dental magazines. 

The genus Trachodon is based on specimens from the Judith River formation, and its 
smaller number of teeth would indicate that it did not persist into the later formations. It 
appears to me, therefore, that Trachodon should either be treated as an indeterminate genus or 
at the most should be restrictcJd to Juifith River species. Such restriction would leave the Lance 
specimens now referred to Trachodon without generic designation, unless by a study of the type 
specimens one of the older generic terms can be revived. 

The geologic range of the Trachodontidae is considerably greater than that of the Ceratop- 
sidae, conmiencing in the Niobrara and continuing through the Judith River, Belly River, Two 
Medicine, Edmonton, and Lance formations. They disappear, hke the Ceratopsidae, at the 
close of the Lance. 

Four genera, Hypa^crosauruSy KritosauruSy StephanosauruSy and Tra^ihodoUy are now recog- 
nized as occurring in the Judith River tind Belly River formations, and two of them, Hypa^o^ 
saurus and StephanosauruSy have been identified in the collection from the Two Medicine 
formation. Hypacrosaurus * was described originally from the Edmonton of Alberta, Canada, 
and Kritoaaurus ' from beds in New Mexico described by Brown as the Ojo Alamo formation. 
Brown ' has recently shown the generic identity of the Gryposaurus of Lambe, from the Belly 
River, with the Kritosaurus of Brown, and the suggestion is made that as "other reptilian 
remains are of the primative facies the Ojo Alamo beds may well be of Judith River age." 

In a recent paper * Brown has shown that the family Trachodontidae may be divided 
naturally into two groups, those of one having a crested skull and a footed ischium; and those of 
the other lacking the crest and having a slender ischium without distal expansion. Members 
of the first group are so far known only from the Belly River, Two Medicine, and Edmonton 
formations, whereas representatives of the second group are present in all formations as well as 
in the Judith River and the Lance. 

Little can be said at this time of tne progressive changes that have taken place in the 
structure of the Trachodontidae, though it appears that the dental magazine of the Lance 
trachodonts contains a greater nimiber of teeth than that of the trachodonts from the Judith 
River, Belly River, and Two Medicine formations. The presence of four digits in the pes of the 
Judith River genus Pteryopelyx would appear to indicate a foot more primitive than that of 
the three-toed Lanco trachodonts. 

Both the theropodous or flesh-eating dinosaurs and the armored dinosaurs are so little 
known that at present it is impossible to make adequate comparison between the species of 
different horizons. Representatives of the theropodous group, however, are present ia all the 
formations discussed in this paper, and the study of specimens now at hand will doubtless show 
the progressive changes that have taken place in their skeletal structure and thus will be an 
aid in the future correlation of the separated formations. 

The rhyncocephaUan reptile (Thampsosaurus has a wider geologic range than any other of the 
extinct reptilian forms, except of course some of the chelonian genera. Remains of Champso- 
saurua have been found in the Judith River, Belly River, Two Medicine, Edmonton, Lance, 
Puerco, and Fort Union formations. It is likely that when better material is known the species 
wiQ be found to vary in successive formations, but this fact can not now be determined. 

The crocodiles are represented in the Belly River formation by the single identifiable 
genus Leidyo8Uchu8y a genus that continues into the Lance, as shown by the type specimen of 
Leidyosuchua sternbergii from the Niobara County area in Wyoming. Isolated teeth and bones 
from the Two Medicine formation are provisionally identified as pertaining to this genus. 

1 Brown, Barnum, A new trachodont dinosaur, nypacro8auru9t from the Edmonton Cretaceous of Alberta: Am. Mus. Nat. Hist. Bull., vol. 33, 
pp. 395-406, 1913. 

s Brown, Bamum, The Cretaceous Ojo Alamo beds of New Mexico, with description of the new dinosaur KrUosaunu: Am. Mus. Nat. Hist. 
Bull., vol. 28, pp. 267-274, 1910. 

* Sinclair, W. J., and Granger, Walter, Paleocene deposits of the San Juan Basin, N. Mex.: Am. Mus. Nat. Hist. Bull., vol. 33, p. 303, 1914. 

* Brown, Bamum, Cretaceous- Eocene correlation in New Mexico, Wyoming, Montana, Alberta: Geol. Soc. Am. Bull., vol. 25, pp. 355-3S0, 1914. 
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The turtles are represented in the collection made in 1913 from the Two Medicine formation 
by only two identifiable specimens. One of these, Bdsilemys sp., is of interest as having its 
nearest aflBnity with B, nobilis Hay, from the beds in New Mexico to which Brown has applied 
the name Ojo Alamo, thus apparently corroborating the dinosaurian evidence on which the 
Belly River formation was correlated with the beds at Ojo Alamo. 

The fish Lepisosteus has a wide geologic range and is valueless as a horizon indicator. 

In conclusion it may be briefly stated that the faima of the Two Medicine formations, as 
represented by this one small collection, is on account of its primitive facies in accord with the 
stratigraphic evidence for the correlation of these beds with the dinosaur-bearing beds of the 
Judith River and Belly River formations. Taken as a whole the faimas of the equivalent 
formations are undoubtedly ancestrally related to those of the Lance, for, with one exception, 
all the families represented in these older formations are present also in the Lanoe. 

Notwithstanding the fact that certain of the earlier faimal lists seem to indicate that 
several genera and species of reptiles persisted from Belly River to Lance time, the evidence 
that has been gradually accmnulating in recent years indicates beyond question that the fauna 
of the Judith River and Belly River formations is distinctly more primitive than the related 
forms in the Lance, although a few of the more persistent types, such as ChampsosauraSj Leidy' 
osuchuSy and some turtle genera, pass from one formation to the other. 

DESCRIPTIONS. 

FUnily CSBATOPSIDAB Manh. 

Brachyceratops montanensis Gilmore. 

Plates I, III, IV; text figures 2-9, 11-26, 28-39, 41-47. 

Brachyceratops numtanensis Gilmore, Smithaonian Misc. Coll., vol. 63, No. 3, pp. 1-10, pis. 1-2, 1914. 

Type ofgentLS and species. — ^A considerable portion of a disarticulated skull (No. 7951, U. S. N. M.), showing nasals, 
prefrontals, postfrontals, postorbitals, premaxillaries, maxillaries, lachrymal, alisphenoid, and exoccipital. With this 
is provisionally associated a fragmentary part of the frill, a right dentary, and a predentary. 

Type locality.— ^E, J sec. 16, T. 37 N., R. 8 W., Milk River, Blackfeet Indian Reservation, Teton County, Mont. 

Paratypes. — Rostral and portions of the premaxillaries (No. 7952, U. S. N. M.); sacrum, pelvis, articulated caudal 
series of 50 vertebrae continuous to the tip of the tail (No. 7953, U. S. N. M.), with which are provisionally associated 
dorsal vertebrae and ribs; tibia, fibula, and partly articulated hind foot from the left side, consisting of an astragulus, 
calcaneiun, and 2 tarsals of the distal row, 4 metatarsals and a portion of a fifth, and 11 phalanges (No. 7957, U. S. N. M.). 

Paratype locality. — Same as that of the type. 

Generic and specific characters. — Typically of small size. Skull with facial portion much 
abbreviated and deep vertically. Supraorbital horn cores small and firmly imited with post- 
orbitals. Nasal horn core outgrowth from nasals, large, sUghtly recurved, laterally compressed, 
and divided longitudinally by median suture. Frill with comparatively sharp median crest, 
fenestrae apparently of smaU size, and entirely within the median element. Border of frill 
scalloped but without separate marginal ossifications. Dentition as compared with Triceratops 
greatly reduced. Five digits in the pes, the fifth being vestigial. Ilium wath greatly expanded 
anterior blade that curves strongly outward. 

The specimens, — The specimens of Brachyceratops on which the present description and 
restoration are based were foimd on Milk River within a small rectangular area of about 6 by 7 
feet. (See PI. II, C.) With the exception of two hind feet and three series of caudal vert^ebrae, 
one of which (No. 7953; PI. Ill, A p. 20) was entire and articulated with the sacrum and 
closely associated with the pelvic bones and femora, all the skeletal parts were disassociated 
and too closely intermingled to show to which individuals they belonged. 

The proper association of the bones of the different individuals was rendered still more 
difficult by the fact that all the specimens were of approximately the same size. Comparison of 
portions of no less than nine ischia showed that at least five individuals were present, and it 
is quite possible that there were one or two more. In the type (the disarticulated skull, No. 
7951) the sutures interlocked so perfectly as to leave no doubt that the assembled elements 
belonged to the same cranium. 



BEACHYCEBAT0P8. 

08TE0IXX1Y OF BBACHYCEKATOPS. 
TBI tKVLL. 

'enerai features. — When found the skull wbs entirely disarticulated, but the excellent 

-ration of the bone and the absence of distortion rendered the assembling and correct 

lation of the scattered elementa comparatively easy. This specimen is of the utmost 

tance in the proper interpretation of the cranial elements, especially of those parte of the 

•psian cranium that are now somewhat in controversy. 

lie type of the genus and species, as was stated, is small. This statement is true so far aa 

d to the known specimens, but it should be added that to some extent the small size of 

specimens may be due to immaturity. The open sutures of the skull, sacrum, and verte- 

U testify to the youth of the individuals. 

'he facial portion of the skull is greatly abbreviated, as compared with that of the ceratop- 

)f the Lance formation. (See fig. 2.) It is to this shortening that the generic name refers. 



I.—OluII <it Bnekifralapi monlonttuU aOmon. Typt. No. ;9S1,U. S, N. U. One-third natural lite. Lateral >isw. d, Datarj', 
Btnlnhilll j^, labaotbltBl fcjmiMn; Jnp,lnt«pBrMBl; J, Jugal; I, laiihrTiiuU; nu, maiiUBTy; n, nasal: nA, nasal tKn Bona: no, aulohr 
I Qpsolni; 0, orbit; at, oaslcla en top ot nasal horn oen: pd, pradaQUry: p/, prefrontal: ptni, pnmailllao': p", poatorbllal; pok, post- 
tl bora core: r, rostral: t, suture aepaiatlng halves of naial bom; ij, aquamoial: », autuial bordar on pnlnntal for small sapracrbltal: 

arial opening, as in other known Judith River and Belly Kiver forma, is well forward and 
the nasal horn, whereas in the later and more highly specialized Triceratops this orifice is 
ly posterior to that horn. The distance between the nasal and supraorbital horns is ex- 
gly short, owing lai^ely to the shortened nasal bones, the great fore and aft development 
basal portion of the n&sal horn, and the forward position over the orbits of the small brow 

he exact pitch of the frill portion in relation to the anterior part of the skull can not be 

™]y dfltennined. In figure 2 it has been placed in accordance with the evidence of articu- 

ikulls. 

n entirely new phase of nasal horn development and one which appears to be unique 

; dinosaurs appears in the longitudinal separation of the horn core into two halves by the 

juture. The nasal horn itself appears to be an outgrowth from the nasal bones instead of 

r originated from a separate center of ossification, as in the more specialized TTiceraiopa, 
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It appears quite probable that some of the described Belly River species will be found to show a 
similar mode of nasal horn development when juvenile specimens are found. 

There is no trace of an epinasal bone such as was found by L&mbe ' in Eoceraiops, and the 
curved groove on the Brachyeeratopg horn which suggested to Lambe the upper boundary of the 
epinasal osaification appears to be only one of the vascular grooves. 

Naaala. — The nasals are especially deep and massive, owing to the development on their ■ 
superior surfaces of the nasal horn cores. Posteriorly they present a pointed process with a 
beveled underlapping surface for contabt with the prefrontals (the frontals and lachrymals of 
authors). Laterally they send down a deep extension to meet the premaxiUary, and anteriorly 
the arched ventral borders of the nasal bones from the upper half of the boundary of the narial 
orifice. Anteriorly they send out vertically Sattened processes (p, fig. 4) between which are 
received the ascending processes of the premaxillae. These nasal processes appear to end about 
32 millimeters in advance of the forward line of the horn core, so that the upper outline of the 
beak is formed laigely by the premaxillaries. The horn has a broad fore and aft extent at its 



FlOtrmc S.— Skull of Bndifcrraliijn nianJaiwittli Qltmore. Trpe. No. TWl.U.S, S.M. ODe-tblrd DStunil tiu, BupirlcT view. /.Faustnla 
Mil; /a, pratlroiiul lonmeui inp, iHtarpailctat; n, nasal; n\, nasal ham core; pf .pniioalat; po, postorbltsl; poA, postorbital bonioire; pif, 
pntfraotalii.iutunreprewnting hslvesor the kasal horn cole; 10, sutural border for missing supracffblCal bone; n,»qn«iiio««l; uf, aupratem. 

base but tapers sharply to a blunt, moderately high point. Transversely it is much compressed 
at the base, though inclined to expand somewhat toward the summit. The horn as a whole is 
directed somewhat forward, but the curve of the posterior side is such as to give the impression 
that its upper part is slightly recurved. The surfaces of the upper half are roughened and 
grooved by vascular impressions. 

On the left half of the nasal horn, at the apex, a small, flattened oval ossicle (os, fig. 4) rests 
in a shallow depression or pit. This ossicle is distinct from the underlying bone and may repre- 
sent the incipient horn of later ceratopsians, in which it is known to be developed from a center 
of ossification distinct from the nasal bones. 

PrefrorUtds. — ^The prefrontals (the frontals and lachrymals of authors) are deeply emai^- 
nate anteriorly and receive between them the pointed posterior ends of the nasals. 

The prefrontal is a quadrangular plate of bone diagonally placed so as to fill the interspace 
between the postfrontal and nasal bones. Its thickened posterior end contributes to the inner 
part of the anterior boundary of the orbit. (See o, fig. 5.) Near the posterior termination on the 

othsi guHra o[ Crstaaeoiu bomsd dlncHuia: Caiuda Oeol. Snrver llxB- 
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external side a narrow vertical sutural surface (so, fig. 2) was for the articulation of the small 
supraorbital bone, which is missing. This element would have completed the thickened orbital 
border which projects immediately in front of the eye and which forms so conspicuous a feature 
of the ceratopsian skull. On the upper posterior end of the prefrontal a pointed peglike pro- 
jection is received in a corresponding pit in the anterior border of the postfrontal, thus strength- 
ening the union of these two bones. The prefrontal is just barely in contact with the postorbital 
at the base of the postorbital horn core. 

PostfroTttdls. — The true extent of the postfrontals in the ceratopsian skull is here correctly 
determined for the first time. Authorities have lieretofore considered the postfrontal as ex- 
tending from the median line outward and including all of that portion of the skull hero desig- 
nated as postfrontal and postorbital. (See fig. 3.) In this specimen a longitudinal suture just 
internal to the base of the supraorbital liom core divides the so-called [>ostfrDntal into two 



FlouRil.— NMiliuidiiBnlhornoareiof £nKA|F«nUDptmoiuaimHii. Type. No.T9£1,U.S.N.M. Onr-bairnstiiratsln. A,Sldavl«w: B.front 
vlflv, c, SuriaoB for contact with th« prvmajdllories; /, surface fur oriiculalioD of prefraclal; no, anterJor oa^l optninK: *"t bony nsidaon 
(op or ham core: p, anticlDrproca: of nasal; po, orlBce for supHlar pioceun of premaxillarlfs; >, suture MpsniliDg two halvss oC nasal horn. 

distinct elements. The inner portion all paleontologists agree in calling the postfrontal; the 
outer appears without question to represent tlie postorbital. Von Huene ' in 1912 regarded the 
portion forming the posterior boundary of the orbit in a skull of Trieeralops prorsus as represent- 
ing the whole of the postorbital, but the writer questions the correctness nf this determination 
in the genus Trieeralops. 

In Brachyeeratopa the postfrontal is a somewhat irregularly triangular bone, longer than 
wide, which imites by suture on the median line with its fellow of the opposite side. (See fig. 6.) 

Anteriorly tlie combined postfrontals terminate in a pointed projection interposed between 
the deeply emarginate posterior borders of the pref rontab. Posterioriy and on either side of the 
postfrontal foramen these bones articulate by suture with the median element of the frill. A 
toothed external border unites with the postorbital. Beginning between the horn cores the 
median upper surfaces of the postfrontals are angularly depressed, gradually deepening and 
widening transversely as they approach the postfrontal foramen, much as in Styracoaaurue 
aJbertenms Lambo.' 
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FionBi 5.— Rlgbt pnlraiital al Bnthttene^ 

mmUmemlt. Typt. Na.7951,U.S. N.M. Tbnt- 
lourlha naluiml slia. InlsnulTiBw. I, 8ld« dp- 
posed to tbtlacryiru]; iH.ildcartloulatlngwlth 
aaaal; o, orb[Ial border; rf, ilda utlculatlnc 
with the rlgbt putfnaiUI; h, aupraorbltal 



The relation of the prefrontals and postfrontals in Brachyceratopa is unusual, for in most 
dinosaurian crania the frontal is interposed between them, the relation shown in BrachyceratopB 
being found elsewhere, so far as the writer is aware, only in Stegoaaurus among the Dinosauria and 
in some of the Permian Reptilia. Von Huene haa shown . - 

(correctly, the writer beUcves) that the frontal in THceratopa 
has been entirely excluded from the dorsal surface of 
the skull. 

Poatorbiial. — The postorbital gives rise to the fimall supra- 
orbital horn core and forms nearly one-half of the orbital 
border. Posterior to this horn, whicii is situated on the 
extreme anterior end, the bone flares into a wide expanded 
portion, much deflected externally, with a curved posterior 
border, the inner half forming a portion of the outer boundary 
of the supratemporal fossa and the outer half having an 
imderlapping sutural edge for articulation with the squamosal. 
The straight inferior edge meets the jugal, which is missing 
in this specimen. 

The thickened anterior border shows a sutural 
edge for miion with the missing supraorbital bone. 
' On the median inferior surface is a shallow pit which 
receives the outer end of the alispheuoid, as it does in 
Stegoaaurus, Camptosaurus, and Triceratope. (See 
also alsp, fig. 7.) 

Immediately above the orbit on the anterior part 
of the postorbital there rises a low horn core, whose 
upper extremity is obtusely roimded longitudinally 
(see poh, fig. 2) but is sharply pointed transversely. 
The external siuf ace of this horn is plane, the internal 
strongly convex, with the antero-posterior diameter 
greatly exceeding the transverse. Its total height 
above the orbit is 31 millimeters. These horn cores 
appear to be outgrowths from the postorbital bones 
unless they include a posterior supraorbital element 
such as has recently been found in the skull of Stego- 
aaurus} The type specimen shows no trace of such 
an element , but its possible existence again raises the 
question of the proper designation of these horns, 
which have been called successively postfrontal and 
supraorbital horn cores. If they are outgrowths from 
the postorbital bone, as the present specimen appears 
to indicate, postorbital horn core would be the more 
appropriate designation. 

Dermoaupraoccipital.— The frill is represented by 
the median elements from two individuals. (Nos. 
7950 and 7951, U. S. N. M.) Portions of each are 
missing, but the better-preserved specimen is provi- 
sionally associated with the type as shown in figures 
2and3. This association, however, isonly provisional 
in so far as it applies to the actual individual, for 
without question all the bones belong to the same kind of an animal. 



TioHbeS.— Postlrontab and pralronUls o[ BrathyceraMpt m. 
Mwiuli. Type. No. TOSl, U.S.N. H. One-hairnBiuraLjl 
A, Superior vl«w;B, Interior ilew. I, PH torreceplionoii 
aiitbol!ichtynuil:>Ki,iUitcbbetn'«Dpre[roD(a]sv'hlchrBceL' 
poiterior ends of nasals: pf, prclronlal; pfT, pogtlrontal to 
nun: po, postorbital bonier: p<^. poatfronLal; »,siJprBorbl 
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The dermosupraoccipital or interparietfti, for as clearly shown by Hay ' and Von Huene » 
it can not be the parietal, is united by suture with the anterior portion of the skull at the post- 
frontal foramen. The median part of the interparietal is sharply ridged except at the posterior 
extremity, where it flattens into a thinner portion with an emarginat* median border. Between 
the fenestrae the median bar, in cross section, is triangular. (See fig. 8.) The superior surface 
of this ridge forward of its narrowest part between the fenestrae presents low longitudinal swell- 
ings arranged one in front of the other. ProximaUy 
the median portion is greatly compressed trans- 
versely into a abort neck, forward of which it again 
widens into a much depressed end that articulates 
laterally with the postfrontals and with them forms 
the upper boundaries of the postfrontal foramen 
ifo, fig. 3). Between these two lateral portions the 
median surface is deeply concave and slopes down- 
ward to a heavy truncated border that in all prob- 
ability was suturally united with the parietals {ps, 
fig. 9). In Bmchyceralops at least, the parietal was 
entirely hidden in the dorsal aspect, and it b pre- 
sumed that similar conditions obtained in Tricera- 
tops, although Von Huene was inclined to regard a 
"^ '^"S-rS"" °i;Sl=r.,nr:, »"«U portion of the »«««. part of the trill pc- 
view. iitap,Pitforrecepuonoiout«rBndotBiiaphaiioid:j,bor. terior to the postfrontal foramen in that genus as 

dmlnEoaWct with the Jugal; p(/,border In artlcuIalUm wllh . • • . . 

the posHronUI: o, orblla! borier: M, surtom for artlnjIUlDD D^mg paneiai. 

oiiupi«orbit«ibon«i n, border lor squsmoaai ariicuiaii™; •(/, The bone suTTounding the frill" fenestrae is 

.r«^bord.r«miributi>«wu^bo«T«tory<,cu«.«pn««mpo«i ^^^ ^^^^ j^^^ j^ thickens towafd the lateral free 
edges and posteriorly. Proximally it remains thin 
where it forms the floor of the supratemporal fossae but thickens toward the sutural border fbr 
the squamosal (aq, fig. 9} . The exact shape and extent of the frill fenestrae can not be aoGurat«ly 
determined from the available specimens, but it is readily apparent that they were comparatively 
small. The surfaces of the frill are relatively smooth and lack the ramifying system of vascular 
grooves of the later ceratopsians. There were no epoccipital bones on the margins of the friU, 
but a series of prominences on either side of the median emargination give the periphery a 
pecuhar scalloped effect much like that imparted by the separate ossi- a. 

fications of the Triceratops frills. 

Laterally the median portion unites with the squamosal by a 
straight sutural edge that is directed forward and inward toward the 
center of the skuU. A triangular outward projection with an upper 
striated surface at the anterior termination of the squamosal suture 
represents a surface that was overlapped by the articulated squamosals Fio^iT 8.-cnBs «M«on of aer. 
(as, fig. 2; 8}, fig. 9). A low, sharp, diagonally directed ridge apparently mosuptMcripiui ot Bndiraif 




indicates the posterior overlap of the squamosal. The squamosals arc n.ji. Th™ - ' 
missing hut appear, as in other primitive ceratopsians, to have been 
short and broad. (See fig. 10.) 

Lackrymal. — Since the first description and illustrations of the species were published ' a 
portion of the left lachrymal has been recognized, and it is shown in the corrected drawing of 
theskuU(fig. 2). 

In the type specimen only the orbital border remains, but this shows the orbit to be more 
nearly circidar than was indicated in the first restoration of the skull. It articulates with the 

I Hay, O. p., On the skull wid the bralnoF Triaraliypt, vrlth nolfson the brain ™s*s of /etianorf™ end .VcfaloKtunu: U.S. Net. Mas. Free, 
vol.3«,p.97, IWR. 

■ Huene, FrMrlch von, Beltrige tur Keantnis des CeratopslilenHhiidels: Neues Jehili., I»13. Band 3, pp. 150-196, flgs. 3. 4, 5. and S. 

' Oilinore, C. W., A new nentopsian dinoaaur fram the Upper Cntacaoiu ul UoDCana. with note dd i^pocronortu.- Snuthsauien tllic. Coll., 
TOl. aa, No. 3, IBM. 
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prefrontal on the outer border by a Hhort, blunt, peglike projectioii which is receive^ in a 
pit on the outer anterior border of the prefrontal. It would be scarcely in contact, if at 
all, with the supraorbital bone, which is missing in this specimen. It also shows that the 
supraorbital is triangular, the posterior end being especially heavy where it abuts against the 
postorbital at the base of the postorbital horn core. The forward extension of the lachrymal 
is missing. 

Alisphenoid. — The alisphenoid of the left aide is preserved, but like all other elements of the 
skull, was disarticulated in this specimen. In outline it is subtriangular, resembling closely the 
homologous element in the Trkeratops skull. The outer pxtrcmity has a smooth-finished rounded 



led wilhlha parietal; »f,suriafe lor overlap olsqoamowl. 

end that is received in a pit on the ventral surface of the postorbital just posterior to the orbit at 
the base of the horn core. Posteriorly it presents a heavy sutural border that united with the 
prootic. Its inner portion is hollowed out and forms the wall of the portion of the brain case 
that lodges the cerebral hemisphere. As in T. sulcatus (No. 2416, U. S. N. M.), it has on 
its inner dorsal surface a sutural surface with which the parietal united. As in Stegosaurus, 
Camptosaurus, Tratlwdon, and Triceratops, the alisphenoid in Brachyceratops forms a portion 
of the anterior and inner boundaries of the supratemporal fossa. The border forming the 
boundary of the foramen ovale is broken in the specimen, but no doubt it is present in a perfect 
bone. 



FIOCMI 10.— Dsmsanptacwdpltalof ifiHHclMiiucnwM. Tnw. Va.SXK, 
AmartCBDlfoiMiniot NBtnnl Hbtory. Oiift^lghth OBtunl slM. Bup»- 
tkrTlnr. •((, SnrfK* for ■rtknbUiia wlUi sqaunonJ: i!A,nii&«Ear 
pntboDUl. (Aftw Httcbar.) 
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ExoccipUtd. — The front side of a somewhat fragmentary bone that is r^arded as being the 
>ccipital from the left side of the skull is shown in figure II. It was found in the float at 

some distance from the type specimen, but 
it is quite possible that it pertains to that 
individual. 

The bone is flattened and platelike and 
has a broadly rounded external end or para- 
occipital process that imites with the 
squamosal {sq, fig. 11). The inner end is 
cut olT obliquely, with a toothed sutural 
border which articulates with the supra- 
occipital {so, flg. 1 1 ). On the lower internal 
angle of this end, seen best in posterior 
aspect, is a smooth concave surface which 
represents the upper portion of the exoc- 
cipital contribution to the boundary, of 
the foramen magnum. The exoccipital 
of Brachyceraiopa corroborates Huene's 
determination ' that in the Ceratopeia the 
supraoccipital enters the fonnation of the 
foramen magnum, as it does in many 
other dinosaurs, and is not excluded from 
it by the exoccipital, as determined by 
earlier authorities. 
The pedical portion for articulation with the 
basioccipital is missing. On the anterior side, near 
the internal end, it is suturally roughened and diag- 
onally ridged, presenting a surface for the overlapping 
of the outwardly directed process of the prootic (pro, 
fig. 11), as in Trieeratope, Camptosauma, and Stego- 
aaurus. On the posteoor side, near the lower border, 
is a sharp longitudinal ridge which fades out before 
reaching the external end; below this ridge, at the 
inner end, the entrance to the foramen ovalia occurs 
exactly as it does in Tnceraiops serratv^ Marsh, as 

determined by Hay 
is 102 millimeters. 

PremainUaries. — The premaxillaries of Brackycer- 
atopa are less massive and lack the lateral foramina 
found in those of Triceratops. They are compressed, 
thin bones and are closely appUed to one another along 
the median hne on the anterior half. Posteriorly they 
send backward and upward diverging processes with 
expanded posterior extremities that wedge between the 
maxillary and the descending branch of the nasal. 

The median superior border of this part of the pre- 
maxillary is transversely rounded and forms the lower 
boundary of the anterior narial opening (no, fig. 12). 
All the premaxillae in the collection were badly muti- 
lated before fossilization, and none of them have their 
anterior ascending portions complete. The best-pre- 
served one (see fig. 12) exhibits a thin plateUke ascending 
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process that is closely opposed to the one on the opposite side, the two rising to the nasals, 
where they are received in the deep groove (see fig. 4) at the base of the nasal horn core. It 
seems quite possible that the bony septum extends down farther into the narial opening from 
the base of the nasal bones than has been indicated in the restoration of the skull (fig. 2), resem- 
bling in this respect Slyracosaurus {Monodonius) spfienocerus (Cope). 

There is no indication of an interpremaxillary fontanelle, as in Triceratops, and it appears 
probable that the opening through the premaxillaries (see fig. 2) would, if perfect, be a thin 
septum of hone extended from the narial border to the thickened anterior border over which the 
rostral articulates. The rostral does not extend so far back as in THceratops, and the premaxil- 
lary the^fore contributes more to the superior borders of the beak than it does In that genus. 

Palatine foramina are also wanting in this specimen, though they are conspicuous in the palatal 
surface of all Lance ceratopsians. 

MaxiUaries. — The maxillaries are ' 
of irregular triangular outhne, with 
alveoli in the functional row for 20 
teeth — much fewer than in Tricerfitops, 
which has 40 alveoli. In the specimen 
all the functional teeth have fallen out, 
but two or more germ teeth remain 
and give some idea of their character. 
Posteriorly the maxillary is divided into 
two branches, an a.scending process that 

articulates with the j'ugai (js, fig. 13), . 

and an inferior horizontal branch that 
is relatively heavier than in Triceratops. 
On its superointemal side a longitudinal 
roughened border is overlapped by an 
anterior process from the pterygoid and 
is in contact with the palatine. Ante- 
riorly and superioriy the maxillary has 
an e.xtended articulation with the pre- 

maxLllary {pmx, fig. 13). Between the * 

premaxiUary and jugal articulations the /* 
lachrymal and possibly the nasal were 
in contact with this bone. (See fig. 2. ) ^ 

On the anterointemal side a hori- 
zontal plate extends inward, meeting a 
similar projecting plate from the oppo- 
site maxillary on the median line, the 
inferior sides forming a portion of the forwanl palatal siirfa<-e, as in Triceratops. The anterior 
half of the extended surface is perforated by a number of foramina, irregularly placed. On 
the internal side a curved row of 20 dental foramina (df, fig. 13, B), one to each dental groove, 
extends the entire length of the dental magazine. 

The infraorbital foramen (if, fig. 13) occupies approximately the same position as in the 
Triceratops ma.\illary. The dental series occupies a longitudinal space of 155 millimeters. 
Internally the dental border is slightly concave from end to end. 

The rostral. — The rostral is missing from the type, but is present in a slightly smaller 
individual (No. 7952, U. S. N. M.). (See fig. 14.) In general aspect it resembles the rostral 
of Triceratops hut has a less curved anterior border. Externally the surfaces are pitted and 
grooved and in life were doubtless covered by a homy sheath. 

Predentary. ^The predentary (in fig. 15), except for its much smaller size, is indistinguish- 
able from that of Triceratops. It is to bo distinguished from the predentary of Brachyccratops 
dawsoni (Lambe) by the upward-turned apex of the anterior end. 
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Dentary. — ^The dentary is stout, gradually narrowing vertically toward the front, the 
anterior end being especially depressed and unusually broad transversely and being nearly at 
right angles to the posterior portion. Near the posterior end on the external surface a stout 
coronoid process (c, fig. 16) extends well above the dental border. It is compressed transversely 
but widens an tero posteriorly with a hooked forward process, as in other primitive ceratopsians. 
From its base a low, broad ridge extends forward at about midheight along the outer side of the 
dentary. Above and below this ridge the outer surface re- 
* treats obliquely inward. 

Viewwl from above (see fig. 17, B) the dental border is 
straight but is obliquely placed in relation to the lower por- 
tion^that is, it passes from the inner posterior margin to 
the outer anterior margin of the jaw. Beneath the coronoid 
process there is a deep mandibular fosaa which extends for- 
ward about one-third the length of the dentary. Od the 
inner side is the usual row of foramina {df, £g. 17) leading 
into the dental chamber. The exact number of alveoli can 
^ ^ not be determined, but the tooth series is relatively shorter 

than in either Ceratops or Trieeraiopa, probably not more 
than 1 7 dental grooves being present. 

Teeth.^The dentition is represented by only a few germ 
teeth, the functional ones having fallen out before the jaws 
were entombed. That the teeth of Bracfiyceratopa in both upper and lower jaws are much 
less numerous than those of Triceratops is indicated by a study of the maxillae and dentary. 
In Brachyceratopa the maxillae have alveoli for 20 teeth and the dentary for 16 or 17, whereas 
in Trieeraiopa the maxillae have more than 40, and the dentary 30 or more. 

In the left maxillary of the type specimen the third tooth from the front is retained in 
position in the alveolus. (See fig. 18.) It is a young tooth and not fully erupted. A longi- 
tudinal keel divides its external surface into two unequal portions, the 
larger being anterior. The point of the crown posterior to the external 
keel is broken so that the contour of the crown is not known, but 
doubtless it is more pointed than is indicated in the drawing. The 
anterior border is finely serrated. On the inner side is a heavy keel, 
more centrally placed than that on the opposite side. 

The lower dentition is represented by the crowns of two germ teeth 
((, fig. 17) attached to the dentary. These germ teeth have a thin but 
Very high median keel on the internal side. (See fig. 19.) The crown 
is pointed, as in all unworn ceratopsian teeth and its borders are ser- 
rated, those of the anterior border being finer than those of the posterior 
border. The alveolar border of the dentary measures 106 millimeters 
and the maxillary 155 millimeters. A detached tooth, supposed to per- 
tain to the type, is shown in figure 20. 

Supratemporal fossae.— The supratemporal fossae («(/, figs. 2, 3) 
open .widely behind, as in all Edmonton and Belly River ceratopsians. 
These large excavations extend forward beneath the postorbital and 
postfrontal and laterally at its exit beneath the squamosal. These 
three bones form the roof as it were over the fossa, the upper boundaries 
of the fossa exit being formed by their sharp overhanging edges. The posterior floor of this 
fossa is formed by the smooth bone of the derraoaupraoccipital or interparietal. 

Hay ' dissents from the generally accepted determination that these lateral openings in 
the ceratopsian skull represent the supratemporal fossae. He says: "It is difficult to under- 
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stand how these bones became modified in such a way as to transfer the supratemporal fossae 
behind the paraoccipita! processes of the exoccipitals. * * * These passages must repre- 
sent the posttemporal fossae." He then proceeils to show that "the two supratemporal fossae 
have been pushed into one at the midline," having their exit through what other authorities 
have designated the postf rental 
foramen. 

The position of the poatorior 
exit of the supratemporal fossae 
behind the paraoccipita! processes 
appears to be explained by the un- 
usual posterior winglike develop- , 
ment of the postorbital, which roofs 
the top of this fossa and thus carries 
its external exit back to the pos- 
terior free edge of that bone. 
Moreover, did they represent the 

post-temporal openings their exit FratrEKlS.— DentBryorfiradirecralapoiMMaBnuJi. Trp*. )Io.T9GI,U.&.N.U. Od»- 

would be below not above the ^'^^-^ji"- l^'^^^^^- '.>--<>^'<«i'i p«<^. '^^ '^m'<««^'>. •p.^>^ 

lacfl lor overlap al predeotary. 

dermosupraoccipital portion of the 

skull. That the vertical portion of the supratemporal fossa in the ceratopsian skull sustains 
its usual relations to the surrounding elements is clear. It has been determined that the 
alisphenoid in Triceratops and Brachyceratops has the same position and articulates with 

the same elements as in other 
dinosaurian skulls (Stegosaurus, 
Camptosaurus, IHplodocus, Tra- 
chodan, AUoaaurus, and 7\franr 
noaaurus). In other words, in 
all these forms the alisphenoid 
forms the wall of a portion of 
the brain case, turning outward 
and uniting at the external end 
with the postorbital and articu- 
^ lating posteriorly with the 

prootic and thus always forming 
^ the lower anterior boundary of 

the supratemporal fossa. If this 
fossa were continued upward in 
the ceratopsian skull it would 
open in its usual position on the 
superior surface of the skull at 
the posterior base of the post- 
fid orbital bom core, and thus 

would be entirely in front of the 

paraoccipital processes; but, as 

stated, the roofing over of this 

B "^ region bv the overlying bones 

FwuM 17--D«nury of BTKhycfnUap, mmlanouf.. Typ«- No. 79S1. U. B. N. M. One, „„_:™ j," „,-:. f„_ tinsferior 
hall nBlural alie. A, Viewed Internally; B, vl»we<l from ahov.. o, Alveolus; «t, al.-eolar CameS US CMt lar pOSteHOr. 
border; c, cororwld procsra; if, deolal loismina: pd, border tor predsntary; (, crourn of an The modifications f OUnd in 

uhuskj i«rth (see iig. IB). jj^^ ccratopsian skull are greater 

perhaps than in any other known group of reptiles, living or extinct. The chief specialization, 
as has been so clearly stated by Hatcher, is in the 'direction of affording increased protection 
and in the development of more efficient organs for procuring food." The inclosed and compact 
nature of the skull was of the greatest value as a means of protection, and it contrasts strongly 
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with the open structure of most other dinosaurian skulls. These modifications have led to a 
rearrangement of the elements of the cranium, that until interpreted is as confusing as it 
is unusual. The bones of the skuU become coossified early in life and thus still further add to 
the difficulties of interpreting their relationships. 

The fortunate discovery of the skull of this juvenile specim^i of BrachyeerOtops, taken in 
connection with the studies of Hay and Von Huene, clears up many of the doubtful points 
relating to the cranial anatomy that were so puzzling to earlier investigators. It now appears 
that the prefrontals and poatfrontala, which in the normal reptilian cranium are lateral to the 
parietals and frontals, have in the ceratopsian skull pushed upward and inward above those 
bones, completely covering their dorsiil aspect. 

That the postfrontals were formerly separated is indicated in the Judith River and Belly 
River ceratopsians by the noncoalescence of their posterior borders, which in the later mem- 
bers of the Lance are always ankylosed. This brings up the question of the function of the 
"pineal fontanelle" of Marsh; the "postfrontal foramen" of Hat«her: the "postfrontal fon- 
tanelle" of Lull; the "supratemporal fossae" of Hay; and the " pseudopineal foramen" of 
Huene. All authorities, I think, are now agreed that it is not a pineal foramen and that 
it can not represent the combined supratemporal fossae as interpreted by Hay. The 
term "postfrontal foramen" is perhaps the most appropriate designation, for it is not, as sug- 
gested by Lull,' in any sense analogous to the fontanelle of human anatomy. Lull appears to 
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be right, however, in saying that this opening transmits neither nerves nor blood vessels. It 
is probably only an opening not yet roofed by bone; in other words, the coalescence of the 
postfrontals with the dermosupraoccipital, which commenced prior to Two Medicine time had 
not been perfected in Lance time except in an occasional individual. 

Measuremejiia of the ahuU.—The following measurements, actual and estimated, were 
obtained from the type specimen: 

Skull: Ullllmeten. 

Greatest length, about 565 

Greatest breadth, estimated 400 

Expanse of frontal r^on at baeeof brow horn cores 90 

Great«et width of naaitla 58 

Length of int«rparietal along median line 315 

Height of nasal horn core above border of narial orilice 125 

Greatest width of postfrontals SO 

Greatest length of combined postfrontals and prefrontals 126 

Breadth between center of orbits 130 

Postorbital horn cores at base: 

Anteroposterior diameter 34 

Transverse diameter 27 

Length of postorbital from front to back 112 

Horizontal diameter of orbit 57 

Naeol horn cores at base : 

Anteroposterior diameter 90 

Tianaverse diameter 41 

Height above naaal orifice 127 

I Lull, R. B., The Ceratopsla: U. S. Oeol. Survey Uon. 49, p. », fwitnal«, IBOT. 
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OeTieral features. — The vertebral column of BracJiyceratops in front of the sacrum is known 
only from dissociated centra and neural procesaea, none of which were found in sequential 
position. Presumably, however, it consists as in Triceratops of 22 vertebrae, 8 in the neck and 
14 in the thoracic r^ion. The remainder of the vertebral column is known from specimen 
No. 7953 and comprises the sacrum and a complete articulated aeries of caudal vertebrae, the 
first complete tail of a ceratopsian dinosaur to be found. This material is supplemented by 
articulated portions of two other taUs from the same fossil deposit. The vertetral formula 
may be tentatively given as C 8 ?, D 14 ?, S 6, C 50. 

Cenncalg. — The cervical region is represented in the collection by a single neural process 
(see fig. 21), which evidently pertained to one of the posterior cervicala and is complete except 
for the extremity of the spine. The arch ia articulated with the centrum by heavy expanded 
pedicles. The neural canal is lar^e. The diapophyaes, which are heavy and extend outward 
horizontally from the side of the arch, are high up on the side of and somewhat anterior to 
the neural process. They are flattened anteroposteriorly but e.\panded doraoventrally. The 
posterior zygapophysea would overhang the end of the centrum. The neural spine rises almost 
vertically and ia much narrower fore and aft than any of the succeeding dorsals. 

None of the detached centra can be attributed to the cervical region, for none show a capitular 
facet on the side for the articulation of the cervical rib. In Triceratops it is known from an 
articulated presacral series that this facet doea not change its 
position on the centrum to the side of the arch until the third 
dorsal ia reached. The process has a greatest transverse diam- 
eter of 88 millimeters. 

Dorsals.— The dorsal region is represented by 12 detached 
processes and an equal number of centra, from which processes 
representing the anterior, median, and posterior dorsal regions 
have been selected for illustration (figs. 22, 23, and 24). The 
centra shown in the illustrations have been arbitrarily placed, ^ 

in so far as their relations with the associated dorsal processes _ 

J, , j,-i,imi,i. FiomE SI.— Po«t»rlorc«rv)(!«l process or Bre- 

are concerned, for none were found articulated. Ihey at least ck^amof m-nuanmu. No T»s3(r>. 
eive an idea of the shape and proportions of the centra. u.b.n u, on^haH natural si». vbnirfid 

c- oo ». r ^ J -J ■ r ^ L II from the Front, d, Dispopbyiis; b. neural 

r igure 22 snows fropt and side views of a vertebra regarded caoai; p. smittxa that arttcuiats with ttw 
as belonging to the anterior dorsal region. Probably it was '™t'™"; «. "pinoiis procw: t, notcmir 
the fourth or nfth vertebra, for, as will be observed, the para- 

phophysis on the-side of the arch is at the base of the transverse process and ia a little removed 
toward the diapophysis, a condition observed on the fifth dorsal of Triceratops. Aa in Mono- 
doniua, Agathaujnaa, and more especially Triceratops, the transverse processes incline upward 
45" from the horizontal. (See fig. 22.) The transverse processes are long with a beveled 
articular end for the tuberculum of the rib. The spine is thin transversely, with a backward 
inclination, its upper extremity only slightly exceeding in height the transverse processes 
when viewed laterally. The top appears to t)e without transverse thickening and is somewhat 
pointed, as in the anterior dorsals of the type specimen of Triceratops calicomis Marsh. The 
centrum provisionally associated with this neural process, when viewed from the front, is seen 
to have the typical pear-shaped outline of other ceratopsian dorsal centra. The diameter 
anteroposteriorly appears to be relatively the same as in Triceratops, and as in that genus the 
articular ends are shallowly biconcave. As compared with the cervical process the neural 
canal ia very small. The anterior and posterior zygapophyses are sharply inclined and extend 
well beyond the center of the vertebra. This vertebra has a greatest transverse width of 100 
millimeters; greatest height of 130 millimeters; length of centrum 32 millimeters; height of 
centrum at center 41 millimeters. 

The median dorsal (see fig. 23) shows a higher position of the parapophysis on the inferior 
side of the transverse process and a broader spinous process with a slight transverse thickening 
at its upper extremity. The transverse processes are shorter and not so sharply inclined upward 
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from the horizontal. They are also compressed doraoventrally and are wider anteroposteriorly 
than in the more anterior dorsak. The zygapophyses are also not so highly inclined. All 

these changes are approxi- 
mated in the Triceratops back- 
bone. Thegrea test transverse 
width of this vertebra is 99 
millimeters ; greatest height 
1 32 millimeters ; length of cen- 
* trum32 miUimet«rs;heightof 

centrum at center 40 milli- 
meters. 

The position in the verte- 
^ bral column of the posterior 
dorsa[ (see fig. 24) may at once 
bo recognized by the horizon- 
tal plane of the anterior and 
posterior zygapophyses, by the 
broader and shorterspine, and 
by the shorter, weaJcer, and 
B more depressed transverse 

Fiounr 13,— AnUrlor dorsal TCTMbn of BmelifHKifanf monCanfluJi. No. TBGSI*), U. B. N. H. \t .1 

OB^haii natural .;«. A, Front vi^; B, «u. vi»w. d. ntapophysEs; n. T,t^\ «i^y proce38- Moreover, the para- 

p, parapophysls; «, spinous pronss; ,u, suture txtween conlnun and procass; i, Bnlettor pophysis is Well OUt On the 

.jrp>poph^i.;.,po«t<ri<,r.yp.pophpi,. j^^^^ ^j^^ ^j ^^ transveree 

process toward the diapophysial articular surface for the rib. The incisions for the prezyga- 
pophyses and postzygapophyses are much deeper than in the preceding dorsals. The greatest 
, transverse width of this vertebra is 95 millimeters ; greatest 

height 100 millimeters; greatest length of centrum 32 milli- 
meteis; greatest height of centrum at center 35 millimeters. 
a The sutural surfaces 

of the centra (see fig. 25) 
nearly all agree in having 
two lateral pits separated 
by a short median trans- 
verse ridge. 



Fioi'BB 23. FiouRE 31. Piamx i:>. 

FiouBE 13.— Utdlui dorsal t-ertebra of ArocAiFciroJopt monMwtuJi. Na.TBUiT). [T. s. N. U. OD*-balt luCunlslu. Laleral vlev. it, Dlapo- 

physis; p, parapophysls; r, spinous process; tu, sutun between mnlnim and process; z, sntariDr tj'gBpopbfsIs: i', posterior lygapapbysls. 
ncVBE 34.—I^Hl«rlor dorsal vertebra of Bredivccmlopi moatanfniii. No. TSSaC), U. S. N. U. One-baltiiBturalalu. Lsteisl view, d, Dlapo- 

phpis; p, porapophysls; i, spinous process; >u, suture between ceDtrum and process; i, anterior ij'eBI>opl>}^l^< ''< posterior lygapopbTsls. 

Fii)cM2S.— Centniinoldor8Bli-»rt«bnioIflrac*^fnt(opjinoB/anjnjl». No. 79S3(?), U.S.N. M. One-hall natural si». l.«t«r»l view. ni,Sutu» 

lor the spinous proMss. 

The last or sacrodorsal is represented only by the centrum in No. 7953. Though found 
detached from the first sacral of that specimen, it was in close association with it in the matrix 
and in an adult individual would undoubtedly have been firmly coossificd with the sacral as 
indicated by the sutural surface of its posterior end. The centrum is slightly longer and more 
massive than any of the centra attributed to the dorsal region. A measurement taken at the 
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end shows it to be wider than high. The lateral surfaces arc flattened in a vertical direction, 
and the ventral surfaces are broadly flattened with two shallow longitudinal grooves, A heavy 
articular facet on the posterior external angle contributes to the support of the first sacral rib. 
The greatest length of centrum is 35 millimeters; and the greatest height, taken at the center, 
is 31 millimeters. 

Sacrum. — The sacrum in the paratype, No. 7953, is represented by all the centra, portions 
of the neural proces-ws of the posterior vertebrae, and numerous detached sacral ribs, (See PI, 
III, B, C; text fig. 26.) These parts have been compressed, but tuken all in all give a fairly 



good idea of the chief characteristics of the sacrum in Brachyceralops. The centra are all suttu*- 
ally tinited and in an adult individual would doubtless be firmly coossified, aa in other ceratop- 
sians. The paratype has nine articulated centra, of which the anterior six are regarded as true 
sacrals and the posterior two as true caudals. The remaining intermediate vertebra between 
tail and sacrum constitutes a modified caudal that functions to a certain extent as a sacral 
and can therefore bo designated a sacrcc udal (sc, fig. 26), 

The sacrum of the paratype, including the sacrodorsal and the sacrocaudal, had eight centra 
with sutured articular ends, whereas Mor.odonius and Triceratops had ten such vertebrae. 
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This, however, may not constitute a constant difference between these genera, for it is quite 
possible that in some specimens of Brachyceratops one or more caudfJs have acquired such an 
articulation, thus bringing the total number up to 10, as in known ceratopsian sacra. 

The first sacral may be recognized at once by the great transverse breadth of the centrum, 
its flattened ventral surface, and the inferior position of the posterior articular facets for the 
second sacral rib («i, PI. Ill, 0). The second sacral centrum is also distinguished from all 
others by the much greater breadth of the anterior as compared with the posterior extremity. 
The centra of the remaining sacrals are of about equal dimensions, higher than wide, constricted 
medially, with sUghtly flattened inferior surfaces. 

A second specimen (No. 8072, U. S. N. M.), however, shows centra that are broader than 
high and that have a shallow longitudinal depression on their inferior surfaces. The differences 
are in all probability due to crushing. The first three vertebrae of the sacral region, which 
include the sacrodorsal, are decidedly heavier than any that succeed them. The sacral ribs are 
borne jointly by all the centra. The first rib joins the centra by well-developed facets on the 
superior, posterior, external angle of the dorsosacral and on the superior, anterior, external 
angle of the first sacral. The second and strongest sacral rib of the series articulates jointly 
with the first and second dorsals low down on the sides of the centra, the inferior surface of the 
rib being on a level with the ventral surface of the sacrals. (See PI. Ill, (7.) The succeeding ribs 
articulate with facets that are but little below the level of the floor of the neural canal. 

Longitudinally the sacrum is strongly arched (see PI. Ill, B)j though in all probability this 
arching has been much exaggerated in this specimen by post-mortem causes. 

The few spinous processes are exceedingly short thin plates of bone with little transverse 
thickening of their superior extremities. That these were united into a bony plate is indicated 
by a detached sacral process belonging to another individual (No. 8072, U. S. N. M.), which 
shows sutural edges fore and aft that continue to the top of the spine. The same condition pre- 
vails on the spine of the fifth sacral (see PI. Ill, J?), so it would appear that this plate may have 
been continuous from the first to the fifth, much as it is in Triceratops. The relative shortness 
of the spines in Brachyceratops would at once distinguish its sacrum from that of the former 
genus. 

As in Triceratops the spinal cord appears to have been only slightly enlarged in the ante- 
rior sacral region. The diapophyses are comparatively weak and are given off on a horizontal 
plane from the neural arches, with thin ends directed forward. (See fig. 26.) Their inferior 
borders extend obliquely downward and inward and present a narrow sutural edge for articula- 
tion with the upper and inner borders of the sacral ribs, which they overlap superiorly. Nearly 
all the transverse processes are missing, but their point of origin, as shown by the broken sur- 
faces, is indicated in figure 26 by parallel dotted lines. 

Though many sacral ribs were found none were articulated and a description of them would 
add little to the positive knowledge of the structure of the sacrum. 

Measurements J in millimeters ^ of centra of sacral vertebrae. 



Greatest length 

Greatest transverHe diameter 

Anterior end 

Posterior end 



I 

36 


11 


III 


IV 


V 
30 


35 


32 


29 


39 


47 




25 


24 


58 


33 


32 


23 


28 



VI 



30 

28 
28 



Caudal vertebrae, — For the first time since the discovery of ceratopsian dinosaurs a complete 
caudal series of 50 vertebrae (paratype No. 7953) is available for study. 

The greater number were found articulated, and such displacement as existed was so slight 
that there can be no question that they represent a consecutive series. Forty-six of them are 
represented in Plate III, A, the remaining four being attached by the matrix to the sacrum. 
(See PI. IV.) 
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The centrum of the first or sacrocaudal (ac, PI. Ill, C) ia longer than wide and has an articu- 
lar facet on its superoantero lateral angle for the articulation of the last sacral rib. The neural 
arch, although poorly preserved, indicates that the spine was distinct from the spinoa forward 
of it. It had a decidedly backward inclination. The anterior and posterior zygapophyaea are 
also differentiated, not coalesced, as in all preceding sacral vertebrae. The diapopbyses on 
the first and second caudaLs are given off from the (sides of the arch well below the zygapophyses 
but above the neurocontral suture, but that on the fourth caudal is below that suture. The 
centrum of the third caudal is so badly crushed that it gives a poor idea of its proportions. The 
arch, however, shows the spine to be narrower, antoroposteriorly, than it is in the first and 
second caudab, and the diapophysis is somewhat lower on the side of the arch than it is in the 
first caudal. 

The third and fourth caudals are represented by the centra only, which, tike all that follow, 
are short and have slightly biconcave ends and a transverse width that usually exceeds both 
the longitudinal and the vertical diameters. 

Transverse processes are present on the first 25 vertebrae. The anterior ones, except 
possibly the first two or three, are long and flattened and have heavy expanded articular ends 
that unite about equally with tlie centrum and the pedicles of the arch. (See fig. 28.) These 




FiGOiiSS. FiomcZB. 

PiQiniE W.— Antsrior caudil varlabiB KiKbth) of Brad>|F«raIapi nunUMKntlF. Pontypc. Xo. 7953, U. S.N. U. On»-hBU nBlura] si 

cleir. e. Centrum; n. nsural ouwl; t, sploe; I, Lnuuven* proma; i. uiterkv ifgapophpli. 
FrauKE ».— U»dJui cwidal vsrtcbn of Btadifctnlrtpi motttaiuiuli. Paratyps. "So. 7953, U. B. K. If. Oaa-JaU lutarel il». Front view. 

c. C'eatruni: i, neimi spina; nt, nsiuoosatrel sutura: f, tromrene prox^^i i, anterior irgapephyals; i", pinlcrloT lygapuphysb. 

FiacKK 30.— Distal nudnl rartebraa of BnullycmUpf nanliifinutt. PBistype. No. TB53, V. S. N. If. One.|uU nBtuiv] slic. Front view. 

A, Twgdty- third; B. tweaty-sUtb. c, Ceatnun: t, spina; i. uilarkir lygapopbysli. 

gradually shorten posteriorly. In the twentieth centrum the transverse is united entirely 
with the centrum and all trace of sutural articulation is obliterated, though in the nineteenth 
it is visible and slightly in contact with the pedicle of the arch. 

The neural arches throughout the caudal region are low. The short compressed spines of 
the anterior caudals with transversely expanded upper extremities (see PI. Ill, A) gradually 
narrow and become smaller and in the midcaudal region show no thickening of their upper 
ends. (Seefig. 29.) 

The anterior zygapophyses are finger-like and extend forward with articular faces that 
face upward and inward. (See fig. 28.) The posterior zygapophyses are well up on the posterior 
border of the spine and overhang the ends of the centra. Functional zygapophyses persist 
down onto the distal fourth of the tail. In the distal caudals (fig. 30) the neural processes are 
present on the second to the last, but are without spines; also the processes, instead of occupying 
the middle of the centrum, have shifted their position forward toward the anterior end, as in 
StegosaujiiS. These most distal caudals also have convex distal extremities and concave proxi- 
mal articular ends and are without chevron facets. The anterior caudals as far back as the 
thirty-ninth caudal from the sacrum have oblique chevron facets on the posterior ends of Uie 
. centra and may have had them nearly to the tip of the tail, as in Stegosaurus. The tip of the 
tail is composed of three coossificd centra, the final one being hardly more than a short, rounded 
obtusely pointed ossicle. 
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THE BXBS. 



Brdchyceratops, like other members of the Ceratopsia, doubtless had cer 
none of them have been preserved. A considerable number of thoracic ribs, 
been foimd and serve to illustrate the various modifications in the dorsal region. 
All are double headed. The more anterior dorsal ribs are distinguished by the 
their shafts and the elevation of the tubcrculum above the capitular process, wh 





FiouBE 31.— Dorsal ribs of Brachycrratop» montajuruis. Xo. 7953(?), U. S. N. M. A, Second dorsal rib from the rights 

rib; C, median dorsal rib; D, posterior dorsal rib. All one-half natural size. 

at nearly right angles to tlie shaft, which is subcylindrical in cross section. A 
of what is regarded as a second dorsal rib from the right side is shown in figur 
succeeded by the type shown in figure 31, B. These two are the longest of the t 
more arched upper extremity which throws the capitular process downward a 
right angle to the longer axis of the shaft, thus forming a flattened lank body c; 
in Stegosaurus and Diplodocas. The shaft of these ribs is flattened, of fairly i 
and has a truncated distal extremity that shows no thickening. The median ribs 
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are more curved from end to end, with an upward inclination of the capitular process and a 
reduced tubercular facet. The posterior ribs (see fig. 31, D) are slenderer and straighter, with 
a capitular process but little angulated in relation to the shaft. The capitulimi and tuberculum 
are not so far removed from one another as in more anterior ribs, this being due to the shifting 
of the facets on the dorsal vertebrae. In figure 32 is shown a small curved bone that is doubt- 
fully regarded as representing the last dorsal rib. It has a single cupped articular face (a, fig. 32) 
on its proximal extremity, and if correctly identified it probably curved down from the diapophy- 
sis on the inside of the ilium, with which it was doubtless in contact, as in Stegosaurua, Thescelo- 
sauruSj and presumably many other dinosaiu^. 

THX CHBVROFS. 

No. 7953 includes chevrons from the anterior, middle, and posterior parts of the tail. In 
the anterior portion they are longer than the spines of the vertebrae with which they articidate, 

but posteriorly they appear to reduce more rapidly than the 
,CL spinous processes. Throughout the series they have the 
Usual Y shape, though a few of the anterior ones have the 
articular ends in contact on the median line, thus bridging 
the cleft between the branches. More posteriorly, however, 
all have these ends separate. 

The great length of the upper branches as compared 

with the extremely short ones of the distal portion serves to 

Figure 32. Figure 33. distinguish the chevrons of Brachyceratops from those of other 

FIGURE 32.-Po8teriordorsairibofBT«*yc.r«topt described dmosaurs. The articulating facets are confined to 

montaneruu. No. 7«63(?), u. 8. N. M. One- the postcrfor facc, though they look somcwhat upward in the 

hawnstunusiie. Posfrior view, a, Artteuiat. ^^^or caudal region, but in the median and distal portions 

Figure 33.--chevTon of BraektfemitopffiMmton«i»- of the tail they are more on the proximal face. The free 

tr^^Z'Ti^i^ii^J!^ end is blunUy truncated throughout the series. The shaft is 

rounded in the anterior members and is somewhat flattened 
transversely in the median and posterior chevrons. All are imusuaUy straight and none have 
expanded free ends. An anterior chevron measures 44 millimeters in length. 

A nimiber of smaU bones found in the matrix surroimding the anterior portion of the tail 
of No. 7953 have a flattened, rounded articular facet very similar to those of the anterior 
chevrons, the opposite end being slightly expanded in the same plane. (See fig. 33.) The 
shaft is also greatly curved from end to end. It was at first thought these might be caudal 
ribs, but the absence of articular ends on the transverse processes (the true caudal ribs in this 
specimen) does not adapt itself to this explanation, and the only alternative that suggests 
itself is that they are chevron bones, the two branches being separ«.te at their free extremities. 
Such a condition is imknown in any reptile hving or extinct, and it is quite probable that this 
explanation is incorrect. 

OSSIFIED TENDONS. 

Ossified tendons (<, PI. Ill, B) were foimd attached by matrix along both sides of the 
neural spines of the sacrum in the paratype No. 7953. That these ossifications were also present 
on the anterior portions of the tail is indicated by a few fragments still attached to the verte- 
brae by matrix. Numerous fragments of these tendons were foimd in the soft matrix immedi- 
ately surrounding the tail, and doubtless they also extended forward along the dorsal region, 
as in Triceratops. They are slender, rounded, rodUke ossifications, averaging about 2 milli- 
meters in diameter. 

THE SHOXTLDEB OIHDLE AND FORE LIMB. 

Scapula, — ^The, complete scapula of Brachyceratops is as yet unknown, but fragmentary 
portions of two bones of paratype No. 7958 supplement one another sufficiently to give a very 
accurate conception of its general shape and proportions. (See fig. 34.) 

The scapula is long and narrow and is somewhat bent longitudinally to better conform to 
the curve of the thoracic cavity. The articular end is heavy and has a cupped surface (gr, fig. 
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34) for the articiUation of the humerus. The thinner upper portion of this end is nuesing. 
The vertical hreadth of the shaft decreases to its mid length and again gradually expands to 
the squarely cutr-off upper extremity. The lower border on the proximal half is broadly rounded 



N"o. 79S8, U. 9. N. U. 



r, OkDoidcavltr. Tha 



but gradually thins toward the upper end to a sharp edge. The upper end is without trans- 
verse thickening. A heavy rounded ridge extends upward on the outer surface diagonally from 
the posterior border of the glenoid cavity to the upper anterior border, 
whence it continues backward as a thickening of this margin. In gen- 
eral proportions and outline the scapula of Brachyceralops, although less 
than half the size, very closely resembles the scapula of Monodoniua 
dawsoni as described and figured by Lambe.* It is to be distinguished 
from the scapula of Trieeratops as figured by Hatcher ' by its lack of an 
upward expansion of the anterior upper border of the blade and by the 
less prominent development and more diagonal direction of the ridge on 
the external surface. 

At present the coracoid and humerus are unknown. 

Vina. — The ulna is, of course, very much smaller than in Tricera- 
tops but is otherwise similar, being heavy above and but little expanded 
on the distal end. The olecranon process is massive and is produced 
far above the main articulating surface for the humerus. The shaft 
is much flattened an tero posteriorly, its posterior side being shallowly 
concave transversely throughout the greater part of its length. The 
anterior face of the distal portion is broadly rounded transversely but, 
more proximally, changes to a decided concave surface for the reception 
of the rounded head of the radius. The distal articidar end is smooth 
and extends considerably upward on the posterior side and is not visible 
from the front. (Sec fig. 35.) 

The outline of the olecranon was drawn from a second specimen, 
and its shape is correct. The greatest length of the left ulna (see fig. 35) 
is estimated at about 213 mUhmeters. 

Radius. — The radius is more slender than the ulna and has ex- 
panded ends, of which the distal is the heavier. The proximal end is 
angularly rounded and has a shallow cupped articular surface. The 
shaft in cross section near its middle is oval. The distal end is ex- 
panded transversely but is somewhat compressed an tero posteriorly. A 
complete radius is not known, but proximal and distal portions of it are 
shown in figure 36. 

Forefoot. — ^ Nothing is known of the structure of the carpus and 
but Uttlo of the metacarpus. Figure 37 shows all the bones in the * "' ' 
collection from Montana that are r^arded as pertaining to the fore foot of Brachyceralops. 



lODKE SS.^LaCt ulQB ol Brack- 
iciratopi mmtaiuiuii. No. 
R07«, t'. B. N. U. OOfr-hBtl 

11, Olecranon process; r, a»n- 
csvlty (or pmilmBl end of 
ratllus. Olecranon reslorml 
twra the ulOB at a SHsDd ID- 



ia mJdJ^taceous ol tbs Northwest Ter 
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FlOOmB 30.— PiQilnul tad dIRai portlona 
al ths radius ot Bncifctnairpt mmlaiifB- 
tk. N()a.80TTuidS078,U.8.N.U. On*. 
half natunltlie. A, Pminial portloni 
B, dtaUU portton. 
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The metacarpus ia represented bj one fragmentary and two complete metacarpals (a, h, c, 
fig. 37), but nothing is positively known of the positions they occupied in the foot.' The 
phalangea (d, e, f, g, h, fig. 37) are depressed rectangular elements. It was on account of 
their thin depressed nature that they were assigned to the 
manus, for otherwise they appear indistinguishable from the 
phalanges of the pes. Similarly, the ungual phalanx (t, fig. 37) 
is assigned to the fore foot, being elongated and more sharply 
pointed than the shorter, more broadly rounded unguals associated 
with the partly articulated hind feet. (See figs. 46, 47, pp. 34,35.) 

THE PELVIC amDLX AHS HmS UMB. 

Hium.—The ilium is an elongate, irregularly shaped bone, 
consisting of a comparatively thin, horizontal, expanded anterior 
part and a nearly vertical but narrower posterior part. (See 
figs. 38 and 39.) The inner and outer borders of the dorsal face 
(see fig. 26, p. 21) each describe a sigmoid curve. The trans- 
versely expanded anterior plate of the ihum has a convex dorsal 
and a concave ventral surface. The external border is not con- 
tinuous from end to end, as in the ilium of Trieeratops and 
S Monoclonius (compare figs. 39 and 40), but extends backward 

and downward from the anterior portion and fades out on the ' 
external side above the pubic peduncle. Above and somewhat 
forward of this termination a second rounded border arises from 
the outer side of the coavex superior surface of the anterior 
plate of the ilium and continues posteriorly, completing the 

outer border of the middle section and the upper border of 

the posterior portion. 

In contrast with the ilia of Mtmodonius, Agathaumas, and 

Trieeratops (compare figs. 39 and 40), the ilium of Brachycsr- 

atops is not only much smaller, but the transverse expansion of 

ita anterior plate, its greater inclination outward, and the 

differentiation of the thickened deflected border above the 

ischiac pedimcle all dbtinguish it from the other described 

forms. In the development of this heavy deflected process 

above the ischiac articulation and in being longer than the 

femur it somewhat resembles the Stegoaaurua iliiun. (Compare 

figs. 26 and 27, pp. 21 and 22.) 

Near the middle the internal border is greatly thickened 

dorsoventrally and is produced downward to form the superior 

border of the acetabulum and the pubic and ischiac peduncles. 

The anterior peduncle is rather slender, but the posterior one 

is exceedingly heavy in all dimensions, as shown in figures 38 

and 39. The posterior plate, when the ilium is in a vertical 

position, has ita superior border inclined sUghtly outward from 

the perpendicular. In Brachyceratops this upper border is 

relatively thin, its posterior end is cut off obliquely and its 

inferior border is concave from end to end; whereas in Tri- 

ceratopa it is much thickened, its posterior end is bluntly rounded, and ita inferior border 

ia slightly convex from end to end. On the internal side the usual cupped articulating 

surfaces for the diapophyses and sacral and caudal ribs appear. 

r oDa numbsr. This does not Implr Uut tlwy bekmead to oat Individual, 




FiGUSi S7.— BoDM pRiTlslanally IduiIIflad te 
pcrtalolng to the for« foot of BnckyceratopM 
miiUanauH. No. 807V, U. 3. N. U. Sape- 
rlor view, a, b, c, Ifelacarpols; d, t, /, f, h. 



BBACHYGEBATOPS MONTANEITSIS GILMOBE. 
The measurements of the left Uhun of poratype No. 7953 are as follows: 

Greatest length of ilium 

Greatest width of anterior blade 

Greatest width at center, transvemely 

Qieatedt depth of poat«rior blade , 

Greatest depth at center of acetabulum 

Greatest width aoroaH deflected external process 



Pubis. — The pubis in Brachyceralops consists of an elongated, transversely I 
of bone, a prepubic portion, and a short, slender, curved, somewhat rudimen 
postpubis. The anterior portion is expanded dorsoventrally into a broadly rou 
is little thickened transversely. The rugose articulating surface for the peduucl 
is relatively not so heavy as in Triceratops, but the broad posteriorly directed p] 
the internal wall of the acetabulum is as well developed as in that genus and 
the same extent to the formation of the inner boundary of the acetabulum. I 



FUKFia 3S.— Le[t ilium of BnckfctrUopt maTUan/iult. No. 79S3, U, S. N, U. One-lbird oiiturgj alu. A. Ventral vt 
view. a. AnlMlorencI; nr, awtabulum: r, ovKrhiinjinE mst: p. poslerior end; jtb, puhir peilunole. 

pubes before me is the postpubis entire, all specimens lackhig portions of the 
their extension posterior]5' appears to bo about the same as in Triceratops. Theri 
pubic foramen, but an elongated cleft between the postpubis and the flattened 
of the prepubia probably functioned as such. The greatest length of the left 
7953 is 192 millimeters. The chief characteristics of this bono are well shown ir 
Ischium. — -In the coUoction from Montana there arc portions of no less th 
of Brachyceralops, but only one of thom is complete. (See fig. 42.) It is a long, 
bone with an expanded proximal extremity, carrying a heavy articulation for the is 
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of the ilium and sending forward and upward a process which articulates at ita extremity 
with the pubis. The articulated ischia curve toward the median line and were probably united 
by cartilage for a short space near their distal extremities. The shaft is subcircular throughout 
the median ^art of its length but becomes somewhat triangular toward its reduced distal end. 
The right ischium, shown in figure 42 (No. 8073, U. S. N. M.), has a greatest length of 340 
millimeters. 



IlOtfBI «a.— Right Ulom of TVfefnuopt ^obrUslua Uanli. No. 1831, Yal< Uuwiun. 0[ie.algbtli natml slu. lobrlor view, a, AnUrloc Mid; 
t, aitoiTttl bordsr; i, lauraal bordar; U, iacblae paduncla; p, poslsrlor end; pb, pubic padunel*. [Alter Halchei.) 

femur.— The femur is represented in the collection by one complete bone and good-sized 
portions of four others. All arc the same size and differ only in minor details, which may be 
entirely attributed to post-mortem causes. 

In Brackyceratopa the femur is slightly more than one-fourth as long again as the tibia 
and in Triceratopa it is half as long again. In other words, in Brackyceratopa the ratio of length 
of the tibia to the femur is 1 to 1.28, and ia Triceratopa it is 1 to 1.59. Proximally the head is 
differentiated from the shaft and the greater trochanter by a short neck that is less well defined 

than that found in the femur 
of TViccrotop* and that much 
more closely resembles the 
same bone in Monoclonitis 
eraaaua Cope. Viewed from 
above the head is subglobu- 
lar in outline , with a rounded 
notch or groove on the ex- 
^ ^ ,. _ temal posterior border. TTie 

FninwU.— L«ltpubli aIBnicJt|FCenito7it innUaunili. No. JW3, U.S.N, M. On^-hall natnnU sUe. I i. j. /i c Ats 

InUrnol vlaw. a, Anterior tnd: A, posterior end: certlaUaUng surface lor pubic peduDcIa; p, pn- great trochanter (ft, hg. 43) 
pubicpoction;p',portpubicportion. ja expanded anteroposteri- 

orly. On the anterior external angle and separated from the great trochanter by a deep deft 
is a flattened finger-like lesser trochanter {a, fig. 43), which rises nearly to the height of the 
greater trochanter. This process is also present in Triceratops but is shorter and broader and 
is about equally prominent externally and anteriorly, whereas in Brachyceratopa it is more 
prominent externally. Though doubtless preserved in Monoclonius this process is not shown 
in the figures of that bone by Hatcher. 

An elongated fourth trochanter rests wholly on the proximal half of the posterointernal 
border of the shaft. In Triceratopa the center of this trochanter is about midway between 
the proximal and distal ends. The condyles of the distal end are heavy, the internal being 
la^er than the external. The intercondylar notch is deep and narrow, and the anterior inter- 
condylar groove is wide and concavely rounded transversely and extends well up on the anterior 
face of the bone. The principal characters of the femur are well shown in figure 43. The 
measurements of specimen No. 7953 are as follows: 

If mi meters. 

Greatest length 3^7 

' Greatest breadth: 

Proximal end 100 

Distal end 83 

Least breadth of shaft 46 
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I^aa. — The tibia is relatively short and is constricted medially but has exp. 
The greatest proximal expansion is anteroposterior (see fig. 44), and the greatest disi 
ment is transverse. The proximal sm^ace is rugosely roughened. This end show 
into two backward projecting condyles, about subequ^ in size and separated by a m 
condylar notch of moderate depth. The enemial crest is 
heavy and projects well forward of the median part of the .!.._ 

The distal end is divided into two surfacesj an inner 
with a beveled distal surface that articulates with the 
astragalus and constitutes more than one-half of the trans- 
verse diameter of this end, and an outer that extends distally 
to the level of the inferior border of the articulated astragalus 
and closely embraces that element on the external side. The 
anterior side of this part of the tibia is flattened for the 
articulation of the fibula. The measurements of tibia No. 
7957 are as follows : 

Hminul«n. 

GraatoBt length 268 

Gre»t«flt diameter; 
Froxim&Iend: 

AiiteropciHt«riorly, eetimated 99 

Tranflvereely 41 

DutAlend: 

Anteropoateriorly 30 

Tnuuvertiely 71 

Fihfda, — The fibida is shorter than the tibia. It is 
slender and has expanded Extremities, and its shaft is flattened 
in the proximal half but subcylindrical below. The bone 
is bowed longitudinally, and the ends are angulated to one 
another, that is, planes passed through their longer diameter 
if produced would cut one another at 45°. 

At tbe proximal end the face toward the tibia is slightly 
concave and that away from the tibia is convex anteropos- 
teriorly. The lower articular face is flattened and was closely 
applied to the anterior flattened face of the tibia. The 
distal articular end is shallowly cupped and triangular in 
outline, its widest portion being internal, with a knoblike 
projecting facet for the calcaneum as in Cam'ptoaauTus. A 
side view of the fibula is shown in figure 45. The greatest 
length of the fibula of paratype No. 7957 is 246 millimeters, 
and the greatest width of tlic distal end is ,^4 millimeters. 



The $peci7nen8. — Notwithstanding the great nxmiber of 
ceratopsian remains collected in the Rocky Mountain region 
since 1855, the present specimens are the first to be described 

that give an adequate conception of the complete skeletal ^^X^^'^Ta'^rN.'M 
structure of the pes in the homed Dinosauria. They are of si»- Extenmi view. «, Pnw 
additional interest because they pertain to one of the earliest '^"""•™: p.pro««tii«t«i, 
known members of the ceratopsian group of dinosaurs and will he of especial va) 
mining the structural changes that have taken place in the hind feet of the late 
highly specialized ceratopsians of the Lance when these are found. 
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Except the vestigi&l digit V, the complete hind foot of Brachyceratopg is shovn in figure 46 
elements drawn in outline have been introduced from the evidence of the partly articu- 
i foot No. 7956 (see fig. 47), in which the phalanges of digit I were present but were turned 
i beneath the other metatarsals. The fourth phalanx of digit IV is also present in that 
and is articulated with the third, which agrees perfectly with the third phalanx of foot 
7957. 





U. No.TBM,U.a.N.M. OtB-hairoaturBlslM. 
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The pes in Brachyceratopa consists of four functional digits and one which is vestigial, 
a these semiarticulated feet the phalangial formula has been determined as 2, 3, 4, 5, Ot 
gure 46 the foot is drawn with the toes spread wide apart, the pose being that assumed by 
itaisala I, II, and III, which are firmly united by matrix. Study of the second foot (No. 
■) and of the opposing surfaces of the metatarsals lends convincing evidence that the sur- 
i of their shafts were more closely applied throughout most of their length. They inter- 
with one another at their proximal ends and thus form a compact, strong foot. 
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Tarsus. — The known tarsus consists of four bones, the astragalus, calcaneum, and two 

tarsalia of the distal row. 

The astragalus is represented by three bones, one belonging to the foot (No. 7956), a 

second firmly coossified with the tibia shown in figure 44, and a third, somewhat fragmentary, 

which was found in the float. The astr^atus of No. 7956 

is an elongated, rectangular, blocklike bone having a slightly 

rugose distal surface that is convex anteroposteriorty. The 

proximal stu^ace is concave in the same diameter. The 

external end is thickened, but the internal end thins out to 

a liplike rounded end, deeply notched at the center. When 

articulated with the tibia (see fig, 44) it appears relatively 

larger than in Tnceratopa. The greatest transverse diam- 
eter of astragalus of No. 7956 is 59 millimeters, and the 
» greatest anteroposterior diameter is 27 

millimeters. 

The calcaneum is represented by 
two bones, one belonging to the foot of 
No. 7957 and a second to No. 7956. 
The calcaneum pertaining to specimen 
No. 7967 is the better preserved and 
was found in close association with the 
foot, as shown in figure 47. The sur- 
face opposed to the distal end of the 
tibia is cupped, the anteroinferior face 
is broadly rounded dorsoventrally, and 
the superior surface presents a triang- 
ular articulating surface for the distal 
end of the fibula. This bone has a 
greatest vertical diameter of about 34 
millimeters ; anteroposteriorly it meas- 
ures 30 millimeters. 

The ossified tarsal bones of the dis- 
tal row are irregularly rounded discoidal 
elements with upper surfaces concave 
and lower convex. In figure 47 they 
are shown as found in place and in all 
probabUity are not far removed from 
their proper position in the tarsus. The 
lai^est articidates with the proximal 
end of metatarsal II, the smallest with 
metatarsal III (see %. 46), to which it was found securely attached by 
matrix. The third tarsal was wholly in apposition to metatarsal IV. 

Metatarsus. — The metatarsus, as already stated, comprises foxu" func- 
tional metatarsals and one that is vestigial. Metatarsal I, the shortest 
of the functional series, is robust and has expanded articular ends, more 
especially the distal, which is rectangular in outline, its articular surface 
being cut off obhquely to the longer axis of the shaft. In the articulated 
foot its proximal end extends above the upper articular surface of meta- 
■ tarsal II and probably shows the correct articulation of these bones, for the two feet (Nos. 7956 

and 7957) have these elements preserved in almost identical positions. 

Metatarsal II is nearly twice the length of metatarsal I but is shorter than metatarsal III. 

The proximal end is expanded anteroposteriorly, and the distal end has its greatest diameter 
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transverse. The intemal surface of the proximal end is shallowly concaTe for better articu- 
lation with metatarsal I. The opposite side is slightly convex and articul&tes with the concave 
Burface of metatarsal III. 

Metatarsal III is the longest bone of the foot and in general resembles the median element 
of the Triceniiops foot. The expansion of the proximal end is chiefly anteropoateriorly, and 
that of the distal end, as in metatarsal II, is transverse. The distal articular ends of both 
metatarsals II and III of foot No, 7957 are pecuUarly flattened and aro not convex antero- 
posteriorly, as in most dinosaurian metatarsals. The ends are also cut off somewhat obUquely 
to the longer diameter of the shafts, their faces being directed slightly inward. 

Metatarsal IV is shorter than metatarsal II and may be distinguished from the other meta- 
tarsals by the anteropoateriorly compressed shaft. The transverse diameter of the proximal 

end also exceeds the ante- 
roposterior diameter. The 
imier side near the proximal 
end has a slightly concave 
triangular area which artic- 
ulates well with the convex 
surface of metatarsal III. 
The proximal end is slightly 
cupped as in metatarsal IV 
of Camptosauraa and Thes- 
cdoaaurua, for the better 
articulation of the distal 
tarsal element. The shaft, 
although somewhat con- 
stricted, is relatively wider 
than in the other metatar- 
sals. 

The distal face is nearly 
square in outline, though 
all four sides are decidedly 
concave on their median 
surfaces. The articular end 
is convex anteropoateriorly. 
Metatarsal V is known 
m only from two fragmentary 

FiOuEE «.-L»Il hlndtoot ot flmctjrt'm'op* nu™*""""- No. 79S7, U.S.N.M. OneJislt Mlnral pnHa which are recftrdod ftS 
Bl». AnwrlorTlOTr. I.Tstsal bones o( IhedUUi raw; I, H. in,»nd IV,dlglts l lol, respectlvBly. P"<19 Wi"Cn arO regaraCQ 83 
Booea in outline have been introducwd upon the svidann lumlshed by tbe tool ol spwWen No. representing prOximal ar- 

Wi6,.howninagu»«. jj^^^^ portions. One of 

these was associated but not articulated with foot No. 7957. It is a thin flattened bone with 
a rounded articular end that in all probability was attached to the posterior side of metatarsal 
IV. The distal portion is unknown. 

Phdlangea. — The proximal phalanges are somewhat longer than the intennediate ones. 
The proximal phalanx of digit I is especially elongated, equaling in this measurement the 
metatarsal of digit I. Its upper surface is beveled off toward the inner side of the foot. All 
the phalanges are flattened, blockUke elements, with concave proximal and convex distal 
extremities, hut lacking the pulley-shaped flnish of the Camptosaurus phalanges with their 
vertical inteiiockiug keels. Many of the phalanges show shallow lateral pits for the attachment 
of ligaments. The second, third, and fourth phalanges of digit IV are considerably more ■ 
shortened than are the phalanges of tho other toes. The unguals are flattened and have broadly 
rounded anterior borders with pitted surfaces. As in Triceratops and Stegosaurus, in hfe those 
were probably incased in fiat hoofs. Their articular ends are shallowly concavo and have elon- 
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gated oval outlines. In a general way they resemble the unguals of Trackodon more t 
of Triceratopa, as figured by Hatcher.' 

Measwemenia. — Measurements of the left hind foot of the paratype No. 7957 foil 

n miUimetcr», of the lejt hind fool of Brachyeeratopi monUmentU {No. 7957). 



GreaUet auteropostenor diameter 

Greatest truisvene diameter 

Diatal end of metatarsaJa, greatest transverse diameter.. 
Fhalangea, greatest length: 

First row , 

Second row 

Third row 

Fourth row 

Filth row 
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BE^TOIUTION OF BBACHYCERATOPS. 



» proporllons iNo. 795S). 



A complete skeletal restoration of Brackyceraiops mtmta- 
nen$is, about one-fifth natural size, is shown in Plate IV. 
The total length of the animal from the end of the nose 
to the tip of the tail is about 6 feet 9 inchee, and its height 
at the hips about 2 feet 4 inches. 

"Diis restoration is based on the remains of several indi- 
viduals and is the first attempt thus to depict one of the 
earlier ceratopsians. The bones drawn in outline were not 
represented in the collections and have been suppUed in a 
modified form from other specimens, preferably from those 
found in the Judith River formation. The presacral region 
has been given the same number of vertebrae as are found 
in the articulated series belonging to the type specimen of 
Triceratopa brevicomus Hatcher. 

The sacrum, pelvis, femora, and tail were found in so 
close association that they unquestionably pertain to one 
individual (No. 7953, U. S. N. M.). In fact, the caudal 
vertebrae were nearly all articulat«l, and this complete series 
is of especial interest as giving us the first adequate concep- 
tion of the ceratopsian tail. It shows this appendage to be 
considerably longer than has been represented in previous 
restorations of Lance ceratopsians. Whether this length- 
ening is pecuhar to the primitive forms from the Judith River 
and Belly River formations remains to be determined. 

The structure of the fore foot as shown is perhaps some- 
what conjectural, although it is based on an articulated fore 
foot of Leptoceratops, a ceratopsian from the Edmonton forma- 
tion of Canada, a drawing of which Was generously supphed 
by Mr. Bamum Brown, of the American Museum of Natural 
History. 

The few bones of the manus present in the collection have been inserted in accord 
the evidence of this articulated foot. 

> HaUbar, J. B., Tba Csatopsli.- U. S. Owil. Surrey Una. 41, Of. n ('. t,f), l 
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The animal is represented standing, with the nose thrown downward, a position that is well 
adapted for the most effective use of the strong nasal horn, and that also brings the head within 
easy feeding distance of the ground. 

The fore limbs are strongly flexed, principally on the evidence of the well-developed ole- 
cranon on the ulna. The tail drops rapidly from the sacrum, its distal portion, in life, evidently 
dragging upon the ground. The scapula has been placed in a somewhat horizontal position 
well down on the side of the ribs, in accordance with the evidence of the position of this bone 
in several articulated skeletons of the trachodont dinosaurs. The great elevation of the trans- 
verse processes of the dorsal vertebrae, reaching nearly to the top of the spinous processes, is 
well shown, as is also the relative shortness in height, compared with those of the anterior part, 
of the spinous processes of the posterior dorsal and sacral vertebrae, which in Triceratops are the 
highest of the column. The specimen throws httle hght on the proper articulation of the ischia 
with the other elements of the sacrum, and the restoration of these bones has been made in 
accordance with the moimted skeleton of Triceratops in the United States National Museum. 

A life restoration of Brachyceratops, about one-sixth natural size, based on the articulated 
skeleton (PI. IV) is shawn in Plate I. The pose is much the same as that of the skeleton. 

It is the first restoration of a ceratopsian dinosaur in which an attempt has been made to 
indicate the nonimbricating, scalehke texture of the skin. This feature of the restored animal 
is based on a recently discovered specimen * of Protorosaurus, with which well-preserved impres- 
sions of the skins were found. 

It appears fair to assume that all the homed dinosaurs were covered by a scaled int^ument, 
although the pattern of the scales probably varied in the different genera. In the present res- 
toration the skin pattern is modified after the figures and description given by Lambe. The 
impression of the integument shows the plates to have been generally five and six sided, with a 
simken peripheral margin. In size they appear to increase from below upward. Other impres- 
sions low down on the body indicate that these parts were covered with small tubercles and 
that the large plates were absent. The pattern of the skin as here depicted is exaggerated in 
the size of the plates, as it was hardly practicable to reduce them to the same scale as the model. 

Following Lull in his restorations of ceratopsian heads, I have represented the gape of the 
mouth as being short. 

RELATIONS OF BRACHYCERATOP8. 

At this time it is diflScult to arrive at a satisfactory conclusion regarding the true affinities 
of Brachyceraiops; first, because of the fragmentary nature of some of the specimens on which 
the more prinutive ceratopsian genera are based; and, second, because of the recent discoveries 
of new materials, much of which is as yet undescribed and which promises to materially change 
previously accepted views of relationships. 

In the preliminary accoimt ' of Bmchyceratops I stated that " it would appear most nearly 
allied to Monodonius,^^ and after an interval of more than two years still hold this opinion. 
Brown ' has recently redefined the genus Monodonius, and this definition, based entirely on 
skull characters, with two exceptions would apply equally well to the genus Brdchyceratops. 
It is as follows: 

Skull small to medium sized, with three horns; nasal horn large, curved or straight, rising from middle of nasals 
immediately above the posterior border of the nares; supraorbital horns small or incipient and flattened on the outer 
surface. Nasals large; nares nearly separated by osseous septum formed by premaxillaries and nasals. Premaxil- 
laries deep with vertical plate forming septum, nonfenestrated. Crest composed of short, broad squamosals and ex- 
tension of elongate coossified postfrontals (parietals) [dermosupraoccipitals] perforated by large fenestrae; each fenestra 
wholly within the boundary of the postfrontal [dermosupraoccipitals]. .Margin of crest crenulated, each prominence 
bearing a separate ossification. A pair of long curved hooklike processes on posterior border of postfrontals [dermo- 
supraoccipitals]. * ' 



1 Lambe, L. M., On the fore limb of a carnivorous dinosaur from the Belly River formation of Alberta, and a new genus of Ceratopsia from the 
same horizon, with remarks on the integument of some cretaceous herbivorous dinosaurs: Ottawa Naturalist, vol. 27, p. 132, pi. 14, January, 1914. 

* Qilmore, C. W., A new ceratopsian dinosaur from the Upper Cretaceous of Montana, with note on HjfpaeroMunu: Smithsonian Misc. C<^., 
vol. 63, p. 9, Mar. 14, 1914. 

* Brown, Bamum, A complete skull of Monoeloniiu, from the Belly River Cretaceous of Alberta: Am. Mus. Nat. Hist. Bull., vol. 33, pp. 549-658, 
Oct. 8, 1914. 
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tops-Triceratops phylum is also evident, for it is hardly conceivable that an animal like Bra^hycem- 
tops, having a nasal horn spUt longitudinally by suture and an outgrowth from the nasal bones, 
could be the progenitor of later ceratopsians having this horn developed from a center of ossi- 
fication distinct from the nasal bones. 

Brachyceratops apparently represents a phylum commencing prior to Judith River time, 
which either died out before the Lance or the representatives of which have not yet been dis- 
covered. 

FamUy TBACHODONTIDAE. 

The great number of their remains appears to indicate that the trachodonts were the 
most abundant dinosaurs of Two Medicine time. Four genera of Trachodontidae are now 
generally recognized from the Judith River and Belly River formations, and these display 
nearly as much variety of form and structure as the contemporary Ceratopsidae. In the 
collection from the Two Medicine formation four distinct genera are recognized: (1) Hypa- 
crosaurus, which has been regarded as the largest of all trachodonts; (2) Stephanomurus; (3) 
a specimen which is too incomplete to describe but which apparently belongs to an undescribed 
genus that may be separated from the crested trachodonts (HypacrosauruSy Saurolophus, 
and Stephanoaaums) by its possession of a long, straight ischium without terminal expansion 
of its distal end and with, ilia that distinguish it generically from the Lance trachodonts; and 
(4) a very large humerus and scapula from ,the Two Medicine locality, comparable in its great 
size with a trachodont fore foot and limb from the Edmonton formation of Alberta, now in 
the American Museum of Natural History, New York City. 

Hypacrosaiirus altispinus? Brown. 

Hypacrosaurus dUispinust Brown is represented in the collections by a partly disarticu- 
lated skeleton ^ (No. 7948, U. S. N. M.), the bones of which are in an excellent state of preser- 
vation. The specimen was found by Mr. Stebinger in 1912 and was collected by me the fol- 
lowing simmier from the south side of Milk River, in the NW. } sec. 27, T. 37 N., R. 8 W., on 
the Blackfeet Indian Reservation, Teton County, Mont. (See PL II, A, p. 2.) It consists of 
the left ramus and jugal, two cervical processes, nine sacral centra with sacral ribs, five caudals, 
an anterior chevron, three posterior ribs, eight spines pertaining to the dorsal and sacral region, 
left ilium, both pubes, left femur, both tibiae and fibulae, both of metatarsi III, distal portion 
of metatarsal IV, five phalanges, both ulnae, metacarpal IV, and several fragments. 

The specimen is of especial interest as greatly extending the known geologic and geographic 
range of the genus Hypdcrosaurus. After a careful comparison with the description and 
figures of the type, I am unable to distinguish it from the only known species, H. altispinus, 
from the Edmonton Cretaceous of Canada, described by Brown.^ The specimen is smaller and 
perhaps younger (as indicated by the open sutures of the skull and sacrum) than any of the 
typical specimens, but all of its bones, so far as they can be compared, are remarkably 
similar in shape and proportions to those of H, altispinus. 

The left dentary, nearly perfect (see fig. 48), but without teeth, and the complete jugal 
(see fig. 49) of this specimen are all that is knowni of the head of Hypacrosaurus, Its ^'footed'' 
ischium, however, suggests the probability of its having a crested skull of the Saurolophus or 
Stephanosaurus type. 

The jugal (see fig. 49) is relatively short and in its contours and proportions is remarkably 
similar to the jugal of Stephanosaurus marginatus Lambe. It has a greatest length of 238 milli- 
meters and a depth at center of 180 millimeters. 

As compared with the Lance trachodonts the dentary of the present specimen is remarkably 
slender. (See fig. 48.) Its greatest length is 544 millimeters ; its depth at the middle of the maga- 
zine is 86 millimeters; the distance in front of the magazine to the anterior end of the sym- 

1 Qilmore, C. W., A new ceratopsian dinosaur from the Upper Cretaceous of Montana, with note on Hypacroiaunu: Smithsonian Misc. CdU., 
vol. 63, No. 3, p. 10, 1914. 

s Brown, Bamum, A new trachodont dinosaur, Uypaerotaurxu, from the Edmonton Cretaceous of Alberta: Am. Mus. Nat. Hist. Bull., voL 
82, pp. 305-406, 1913. 
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physial surface is 120 millimeters; the length of 
the dental magazine is 293 millimeters. It has 39, 
possibly 40, alveolar grooves. 

The distance from the front of the dental maga- 
zine to the end of the sjmphysial surface is rela- 
tively shorter and has a more abrupt downward 
deflection in the Judith Kiver forms thttn it has in 
those from the Lance. 

The ilium (see fig. 50) has a strongly arched 
superior border, with a preacetabular process com- 
pressed aiid of almost uniform transverse thickness; 
the pubis (see fig, 51 } is comparatively short and has 
its anterior portion broadly expanded. 

Well-preserved anterior and median caudal 
vertebrae are shown in figures 52 and 53. The 
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STEPHANOSAURUS MABGINATUS? (lAMBe) 



spines are high and strongly inclined backward. The centrum of the anterior caudal i$ 
more than one-quarter of the total height of the vertebra. The median caudal shows i 
ened centrum with shallowly biconcave ends. Well-defined chevron facets are pr 
both back and front. 

The following measurements show the resemblance of the Milk River specimen (J 
U. S. N. M.) to the type (No. 5204) and paratype (No. 5272) of H. altispinus in the I 
Museum of Natural History: 

Comparative measurements, in millimeters, of specvniens of Hypacrosaurus altispinus. 



Ilium: 

Extreme length 

Height 

Pubis: 

Greatest len^ at center 

Narrowest width of blade 

Greatest width of blade 

Caudal vertebra: 

Length of centrum, first or second . 

Width of centrum 

Height over all 

Height of spine above neural canal. 



Ulna, length 

Metacarpal IV, length 

Femur, length 

Tibia, lengUi 

Fibula, length 

Metatarsal III, length. 



Am. Mup. 

Nat. Hist. 

Tvpe No. 

'5204. 



.U 



1,060 
320 



120 



90 
180 



Paratype 
No. 5272, 
Am. Mus. 
Nat. Hist. 



750 
280 



1,080 

1,000 

430 



Stephanosanms marginatus? (Lambe). 

The posterior portion of a right dentary without teeth (No. 8052, U. S. N. M.) prov 
identified as pertaining to Stephanoaaums marginatus (Lambe) was obtained from 
Medicine River locality during the summer of 1913. (See fig. 54.) 

The general proportions of this bone, with high coronoid process without markec 
posterior expansion of its upper extremity, agrees perfectly with the dentary of S. nu 
as figured by Lambe * from the Belly River formation on Red Deer River in Alberta, Ci 

A second specimen (No. 7703, U. S. N. M.), provisionally referred to this genus anc 
was obtained by Mr. Stebinger in 1912 from the Two Medicine formation on Two ! 
River. It consists of a fragment of a dontary containing several tooth whose lateral 
are decorated with small rounded projections or pappiUae from a point near the ape 
ward to the place where the crown begins to narrow again. 

Trachodont gen. and sp. nndet. 

A fragmentary skeleton (No. 8058, U. S. N. M.) of a trachodont dinosaur from 
Medicine River locaUty is of interest as having ischia of the Lance trachodont style (that 
out expanded distal extremities) associated with iha that resemble most nearly thos 
crested forms Uke Saurolophus and Hypacrosaurus. Whether these remains repn 



1 Lambe, L. M., On Vertebrataofthe Mid-Cretaceous of the Northwest Territory: Cootr. Canadian Paleontology, vol. 3, pt. 2, p. 73, pi. i, 
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iindescribed genus or pert&in to one of the described members of this group that havo be 
based on skulls it is not possible to say at this time. 

The specimen was found about a mile below the abandoned ranch buildings of John I 
wards, on the south side of the river, at the base of the high exposures (about the middle of 1 
Two Medicine formation). (See fig. 1, p. 2.) The bones received are two iha, two isch 
two dorsal and three caudal vertebrae, three chevrons, and fragmentary parts. 

The ischia (see fig. 55) are slenderer than those in any described trachodont, having 
extreme length of 880 milhmetore and a diameter across the iUac and pubic heads of 230 mi 
meters. The most striking feature of the ischia is the presence oq the inferior border of 1 
expanded end of an elliptical foramen-like notch (/, fig. 55), In the Lance trachodonts thi 
is usually a slight indentation at this point, and in Saurolophtis tlio place is entirely inclw 



PiauBB M.— Right dentazj ot SleplianoMivrui martinaiutfllanibt). No. 8032. U.S. N. U. ODe-hallnatuiBl sin. latwoal vlaw. 

by bone forming a foramen. In Hypacrosaurus the ischium shows a long, shallow indentati 
more Uke that in theLance trachodonts. 

Below the expanded proximal end the shaft contracts abruptly and continues as a loi 
slender rod that expands only slightly toward the distal end. The inner surface of the dis 
two-thirds is longitudinally striated, indicating the ligamental union with its mate of the opi 
site side. The ilium (see fig. 56) has about the same outline and form as in Saurolophua a 
HypacToaaurUB. Vertically it is narrower than in Hypacrosaurus, and the preacetabular proci 
is flattened an<l is relatively longer and narrower. It appears to agree with Cope's brief descr 
tion ' of the ilium of Ptcropelyz graUipes Cope. Whether it should be referred to that foi 
remains to be determined. Measurements of the right ilium are given below. 

UCUInuten. 

Greatest length 880 

Greateat height 205 

Depth at center of acetabulum 170 

Length of preacetabular process 405 

Length of poatacetalmlar proces? — .- 240 

■ Copa, E. D., Not«9 OQ the Dlnosauria of Iha Laramie: Amarlcan Nalunllst, vol. 13, p. VM, IffO. 
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TrMbodont gen. and sp. nndet. 

A scapula and humerua (No. 7955, U. S, N, M.) of an exceedingly large trachodont reptile 
were collected on Two Medicine River. (See PI, II, B, and fig, 1, p, 2.) While the material is 
insufficient to determine the genus and species \o whicli it belongs, the specimen is of interest 
on account of its resembling most nearly a fore limb and foot from the Edmonton Cretaceous 
of Canada, nov in the American Museum of Natural History. 



. U. 0D»«lghtb Dstural si 



. /, Noteh: 



The measurements, however, show that the specimen has a smaller scapula and a much 
longer humerus than Saurolo^ua oabomi,^ and these differences at once separate it from that 
genus. 

Comparativt mtanremenU, in millinufcri, of T^adutdon ip., Tradtodon armeclent, and Saurolophut otbomi. 



TiBchodoD 
ap.(No.79S5, 
U.8.N.M.). 



Sauroioplnu 

otbomi 
(No, 6220, 
Am. Hub. 

Nat. Hist.). 



Gteal«at leneth of scapula 

Gteateat width of blaae of scapula 

Greateet length of humerus 

Greatest transverse diameter, distal end. 



FlauRE M.— Right Ilium of untdentlQed IrocliodiHit reptile. No. S058, U. 8, N. M. One^lgtitli Datural site. Lateral view. 
Funllr ASKnOSAITBIDAB, 
Europlocephalus ap. 
A coossified transverse row of dermal plates or scutes (see fig. 57) is identified as per- 
taining to this genus. The keeling of the scutes differs somewhat from a row of plates per- 
taining to the type of Europlocephalus tutus Lambe, from Belly River, Canada, as figured by 
Lambe.' 



vol.32, p. an, 1913. 

> Lsmbe, L. M., On Verlebrata oF tbe )tld<:reUce(ius 
3, 4, 1SI)3. 
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id duck-billed dinosaur (n 
the Northwest Tenltory 



1 Cmumous: Am. Mus, Nal. Hist. Bull., 
a Faleontologr, vol. 3, ft. 3, pi. 13, Oil. 



44 BBAOHYCEBATOPS. 

- The specimen was found on Milk River, a short distance from the place where the type of 
Braehyceratopa Tnontanerma was discovered, at a alightly higher horizon. It consists of two 
entire scutes and a portion of a third, all firmly coossified. The under surface is andied trans- 
versely and probably represents the first row of plates posterior to the skull. The plates are 
subrectaagular in outline, wider than long, with a raised median portion that is longer than 
wide, and is surmounted by a blunt nodeliko spine asymmetrically placed, as contrasted with the 
sharply keeled scutes of Europhcephalus tvius Lambe. 

The union of the plates on the dorsal surface is plainly discernible, but the sutures on the 
ventral side are entirely obliterated. Vascular markings are conspicuous on the upper surfaces, 
especially on the raised median portions. (See fig. 57.) Although this specimen is identified 
as pertaining to the genus Europlocepk(dus, it might with equal propriety be referred to AnJcy- 
hsaurus, or it may represent an undescribed form. 



FiatTBK ST.— DwnutpltteaofSuroplDeciitutuiip. No. 7943, U. B. 14. II. Ooe-tlilrd dtunl alie. Dorsal view. 

Clus CHXLONIA, 

BarilemfB sp. 

The genua Basiiemys is represented by fragmentary parts of the carapace and plastron, 
several vertebral centra, one humerus, and fragments of other limb bones, all regarded as belong- 
ing to one individual (No. 8024, U. S. N. M.). 

Dr. O. F. Hay was kind enough to spend some time in studying the specimen, and he ia of 
the opinion that it belongs cither to Basilemys nobUis Hay, the type of which is from the beds in 
New Mexico described by Brown as the Ojo Alamo formation, or to a closely related species. 
B. rwhUis has as its distinguishing character a high ridge, or wall, around the upper side of 
the hinder lobe of the plastron. In the specimen this ridge is high in front but is reduced 
farther behind and is rather flat. This change may possibly be due to individual variation. 

The specimen was found in sec. 27, T. 37 N., R. 8 W., on the south side of Milk River, 
somewhat below the horizon in which the Hypacroaaunis skeleton (No. 7948) was obtained. 
The specimen is of interest as apparently corroborating the dinosaurian evidence for the correla- 
tion of the Belly River formation with Brown's Ojo Alamo formation.' 



Oranger, Waller, FaleooeuedepositsortluSui Juan Buln.N.Uei.: Am. Uu9. Nat. Hist. Bull., val.33,pp.303,3C 
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THE GENESIS OF THE ORES AT TONOPAU, NEV^ 



By Edson S. Bastin and Francis B. Laney. 



INTRODUCTION. 

In the spring of 1915, while engaged in a 
study of silver enrichment for the United 
States Geological Survey, Mr. Bastin spent a 
month at Tonopah, Nev., in studying the ores 
and their mode of occurrence. At about the 
same time Mr. Laney was directed by the 
United States Bureau of Mines to make collec- 
tions of Tonopah ores and to study their 
mineralogy in connection with the researches 
of that Bureau on their metallurgic treatment. 
To avoid duphcation of effort and to secure the 
added fruitf ulness which should follow the con- 
centration of more than one mind on a scientific 
problem, it was decided to combine these efforts 
in so far as the two fields of research overlapped. 
The paper accordingly presents the results of 
informal cooperation between the Geological 
Survey and the Bureau of Mines. 

The investigation was intended to supple- 
ment the important work of Spurr ^ and 
Burgess ' by applying to the ores methods of 
microscopic study which were not in general use 
by economic geologists at the time their reports 
were prepared, but which, in other districts, 
have proved of material assistance in the inter- 
pretation of ore genesis. 

Gold, silver, copper ^ and lead produced 



For the structural observations ai 
cussion of the mine waters the senio 
responsible; for the detailed miner 
microscopic studies both author 
sponsible. They are indebted to 
Palmer ,« of the United States Geol< 
vey, for careful analyses of samp 
mine waters and for chemical and e 
studies, and to Messrs. F. L. Rai 
Adolph Knopf, also of the Survey, f ( 
criticisms and suggestions. 

The mine operators and others ii 
gave generously of their time and tl 
edge and contributed many choice 
in furtherance of the work. To 
writers' sincere thanks are offered. 

THE TONOPAH DISTRICT. 

The Tonopah mining district if 
known to require an extended c 
From the discovery of its ores in 19 
put has increased .year by year un 
its production of silver was exceed 
United States only by that of 1 
metal output since 1904 is shown in 
ing table, compiled by V. C. Heil 
Geological Survey: 

in Tonopah district, Nev., 1904^1916. 



Year. 



Number 
of pro- 
ducers. 



Ore. 



Gold. 



1904. 
1905, 
1906, 
1907. 
1908. 
1909. 
1910. 
1911. 
1912. 
1913. 
1914. 
1915. 
1916. 



10 
12 
'9 
10 
13 
9 

18 
19 
17 
32 
23 
22 
21 



Short tons. 
22. 703 
91. 651 
106, 491 
214, 608 
273, 176 
278, 743 
365, 139 
404.375 
479.421 
574, 542 
531. 278 
516, 837 
455. 140 



$386. 526 
1, 206, 345 
1, 304, 677 
1, 183. 628 
1. 624. 491 

1. 400. 361 

2, 303. 702 
2, 366, 495 
2, 223, 878 
2, 613, 843 
2, 648, 833 
2, 228, 983 
1,941,441 



4, 313, 604 23. 433. 203 



Silver. 



Fine ounces. 
2, 119. 942 
5, 369, 439 
5, 697, 928 
5. 370, 891 
7, 172, 396 
7. 872, 967 
10, 422, 869 

10, 868. 268 
10, 144, 987 

11, 563, 437 
11,388,452 
10, 171. 374 

8, 734, 726 



106, 897. 676 



Copper. 


Lead. 


Pounds. 


Pounds. 










5.939 


195, 508 


1,784 
942 


1,488 
6,902 


14 
1,150 
2,284 


700 

9,001 

924 











12, 113 



214, 523 



1 Spurr, J. E., Geology of the Tonopah mining district, Nev.: V. S. Geol. Sur\'ey Prof. Paper 42, 1905; Geology and ore depc 
Nev.: Econ. Geology, vol. 10, pp. 713-<69, 1915. 
> Burgess, J. A., The geology o( the producing part of the Tonopah mining district: Econ. Geology, vol. 4, pp. 681-712, 1909. 
s Heikes, V. C, U. S. (m&Mtnf MineraL Resources, 1914, pt. 1, p. 702, 1915; idem, 1915, pt. 1, p. 047, 1916. 
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The copper and lead came from properties 
closely adjoining the district. During the 
years represented in the table dividends were 
paid amounting to $21,000,000. 

The average ratio of the gold to the silver 
in ounces recovered during this period was 
about 1 : 98. 

The total average recovery value per ton of 
the ore produced in 1913 was $16.71, in 1914 
$16.84, and in 1915 $14,30. Most of the ore 
mined is^ treated by cyanidation, with or with- 
out concentration. It is stated that in certain 
plants ore assaying as low as $8 a ton can 
under certain circimistances be profitably 
treated. 

STRATIGRAPHY. 

It was not the writers' purpose in visiting 
Tonopah to review the work of Spurr and of 
Burgess on the age and mutual relations of 
the rock formations of the district, nor would 
this have been possible in the short time 



available for field work, as will be readily 
appreciated by anyone familiar with the re- 
markable complexity of the geology. The 
divergent views of Spurr and Bxirgess have 
been summarized with unusual clearness by 
Augustus Locke.* Locke's own views are so 
nearly in harmony with those of Burgess that 
it appears unnecessary to present them sep- 
arately. The following brief summary of the 
major stratigraphic features of the district will 
assist in understanding the data on the gene- 
sis of the ores presented in this paper. 

The Tonopah district is underlain by a thick 
series of rocks that are products of volcanic 
activity and are believed to be of Tertiary 
age. Broadly classified, these rocks consist at 
a lower series, mostly rhyolitic, which is" over- 
lain by two andesites, distinguished as 
'^earlier" (now termed Mizpah trachyte by 
Spurr) and '* later (now termed Midway) 
andesite." The '^later andesite'' is overlain 



Geologic formations at Tonopahy Nev. 



• 

Origin and relative age according to 

Spurr. 


Approximate stratigraphic 
succession. 


Origin and relative age according to 

Bui^ess. 


11. Intrusive as volcanic necka. 


Brougher dacite and Oddie 
rhyolite. 


9. Surface flows and the conduits through 
which the lavas rose. 


10. Surfcice flow. 


Basalt. 


8. Surface flow. 


8b. Intrusive. 

a 


Tonopah rhyolite of Spurr in 
northern part of area. 


6b. Surface flows. 


9. lAlre deposits of volcanic material. 


Siebert tuff. 


7. Lake deposits of volcanic material. 


8a. Intrumve, surface flows and tuffs. 


Tonopah rhyolite of Spurr in ! 
southern part of area. 


^6a. "Surface flows of rhyolites, and 
breccias." Not separately considered. 


7. Tuffs and mud flows. 


Fraction dacite breccia. 

1 


6. Volcanic necks and possibly some sur- 
face flows. 


Heller dacite. 


4 


5. Surface flow. 


Midway andesite or "later 
andesite. " 


5. Surface flow. 


lb. Surface flow. 


^3^!^'''^^ "' "'*'''^' *■ ^"''"^^ fl'''^- 


4. Intrusive sheet. 


West End rhyolite or "upper 
rhyolite. " 


3. Surface flows. 


3. Intrusive sheet with many incluwons. 


Montana breccia. 


Not specifically mentioned but evidently 


la. Basal phase of Mizpah trachyte flow. 


Glassy trachyte. 


classed as surface volcanic rocks. (See 
Burgess, J. A., op. cit., p. 682.) 


2. Flat-lying intrusive. 


Sandgrass or * * calcitic ' ' 
andesite. 


2. Surface flow. 


8c. Intrusive with ''autobrecciation.'' 


Lower rhyolite. 


1. Complex of tuffs, breccias, and flows. 



'^. 
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by rhyolite, lacustrine tuflfs, and thin flows of 
basalt. In spite of complicated faulting most 
of the volcanic formations are rather flat- 
lying. The middle column of the table on 
page 8 shows the formations that have been 
recognized, arranged in the normal order of 
superposition. In the left-hand column is 
given Spurr's latest interpretation of their 
origin and age relations, and in the right- 
hand column Burgess's interpretation. The 
numbers indicate the relative ages imder the 
two interpretations; formations that are re- 
garded as contemporaneous are given the same 
number but differentiated by letter, as 8a, 8b. 
The two interpretations differ materially, most 
of the rocks which Spurr regards as flat-lying 
intrusive rocks being interpreted by Burgess 
as flows poured out upon ancient surfaces. 

The decision between these two interpre- 
tations must be left to future students of 
Tonopah geology. Successful refutation of 
the detailed work of Spurr and his associates 
must be founded on observations comparable 
with theirs in detail and comprehensiveness. 

RELATIONS OF ORES TO INCLOSING ROCKS. 

The bulk of the metal production of the 
district has come from ore bodies lying wholly 
within thfe Mizpah trachyte (*' earlier andes- 
ite"). Within recent years, however, as the 
result of deeper development and under- 
ground exploration of new territory, an in- 
creasing percentage of the output has come 
from ore bodies bounded on one or both sides 
by other formations. Many of the veins, for 
example, whose upper portions are wholly in 
the Mizpah trachyte have at greater depth 
one or both walls of West End rhyolite. Spurr ^ 
believes that the productive veins are of sev- 
eral ages and classifies them as first-period 
and second-period veins, the latter with four 
subclasses. He recognizes also third-period 
veins, which are not productive. The veins of 
the first period he believes are older than the 
Montana breccia and West End rhyolite ; those 
of the second period are younger than these 
formations; and both sets are older than the 
''cap rock" or Midway andesite. 

The writers had little opportunity to study 
in the field the structural evidence on which 

1 Spurr, J. E.y Geology and ore deiiosits at Tonopah, Ker.: Ecoo. 
Geology, voL 10, pp. 751-700, 191S. 



Spiurr bases his classification. Locke* says: 
''There is no mineralogical distinction what- 
ever to be made betwewi many veins which, 
according to the hypothesis [Spurr's], should 
belong to different periods;'* The writers' 
observations tend to indicate at least the 
approximate correctness of Locke's state- 
ment. The principal productive veins of the 
region show notable similarity in the minerals 
present and in the mutual relations of these 
minerals. The ore of the Belmont vein, for 
example, which Spurr classes as a first-period 
vein, is practically identical in mineral cotn- 
position with that of the MacNamara and 
Fraction veins, which he classes as second- 
period veins. Mineralogic differences between 
veins of supposed different ages are commonly 
no greater than may be observed in different 
parts of one continuous vein. In most of the 
''first-period'' veins there is little evidence of 
fracturing of the ore and filling of the frac- 
tures by later ore except that resulting from 
downward enrichment. Upon the sole basis 
of the mineral composition and texture of the 
primary ore there would be little reason for 
the impartial geologic observer to regard the 
principal productive veins as of more than 
one age. Mineralogic similarity can not, 
however, be taken as proof of contemporaneity, 
for in a region where there has been recurrent 
volcanic activily it is possible if not probable 
that similar mineralization might take place 
at more than one period. Structural obser- 
vations must furnish the final test. 

In the descriptions here given the ores of the 
principal productive veins are described as a 
imit but without implication of precise 
equality in age. The wolframite of the Bel- 
mont vein is an exception, for it is shown 
by textural relations to be somewhat later 
than the silver ore with which it is associated. 

As emphasized by Spurr * the ores of Tono- 
pah are in the main replacement deposits 
along sheetlike zones of fracturing. They are 
therefore typical replacement veins. Every Jr 
gradation may be traced from heavy sulphide A 
ore into slightly replaced wall rock. Ore- / 
cemented breccias, true crustification, comb 
structure, and other features characteristic of 

s Locke, Augustus, The geology of the Tonoi)ah mining district: Am. 
Inst. Mln. Eng. Trans., voL 43, p. 164, 1912. 

s Spurr, J. E.y Oeology of the Tonopah mining dlstnct, Nev.: U. 8. 
Oeol. Surrey Prof. Paper 42, p. 84, 1906. 
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ng of open spaces are rare or developed 
1 a small scale. Banding somewhat re- 
ig true crustification, which is locally 
iuons, is possibly to be explained by dif- 
^ during replacement. 
; of the veins dip steeply, but some, hke 
st End and MacNamara, are only moder- 
idined. 

DIVERSITY IN MINERALIZATION. 

.tever may be the differences in age 
the veins of Tonopah, it is certain at 
hat most of the ores represent the net 
of several successive geologic processes. 
y of their texture and mineralogy makes 
ible to group the ore minerak according 
r relative ages and to reach conclusions 
rd to the nature of the processes respon- 
)r the deposition of each group, 
solutions that deposited the great bulk 
minerals of the Tonopah ores were, it is 
?d, exudations from cooHng, buried 
of igneous rock or magtna. In express- 
s view the writers accept the opinion of 
for the Tonopah district and align their 
sions with the trend of opinion among 
3an geologists in regard to the genesis of 
ajority of precious-metal lode deposits, 
^cumulation of independent evidenca of 
n origin would have involved structural 
ratigraphic studies for which the writers 
ttle opportunity. Such mineralization 
monly termed primary, but the writers 
to use the term hypogene, proposed by 
me.' Solutions coming from great 
; within the earth and having a general 
d flow will therefore be termed hypogene 
>ns and the work they accomphshed hy- 
3 mineralization. 

T the hypogene mineraUzation the slow 
al of the covering of volcanic rocks by 
1 exposed the upper parts of many of the 
to the action of the air and of waters of 
B origin. By the combined attack of these 
upon the upper parts of the hypogene 

Liesegang (Qeologische Diflusionen, Dresden, 1913) has shown 
in phases of banded structure may be produced by rhythmic 
ion during the diffusion of a solution into some medium with 
eacts chemically, or by simultaneous dlfTusion of two mutually 
ig solutions into an iiusrt medium. It is highly probable that 
le banding observed in ores formed by replacement has deyel- 
iisway. 

me, F. L., Copper deposits near Superior, Ariz.: U.S. OeoL 
UU. 540, p. 152, 1914. 



ore bodies, silver and other metals were dis* 
solved. These metals were carried downward 
in solution and eventually redeposited, com- 
monly in fractures or vugs in the hypogene 
ores. These are the processes commonly re- 
ferred to as "oxidation" and "enrichment," 
but they will be referred to collectively in this 
paper as supergene mineraUzation.' 

Although supergene mineraUzation has 
played an interesting part in the genesis of 
certain of the Tonopah ores, it appears to have 
been quantitatively much less important than 
the hypogene minerahzation. Most of the ore 
bodies in which it was most prominent are 
worked out, and the principal dependence of 
the mines to-day is upon ores that, the writers 
beheve, are almost wholly of hypogene origin. 

HYPOGENE MINERALIZATION. 

The hypogene ores will be considered first, 
I because they are at present the principal 
economic resource of the camp and are the 
parent type from which the supeigene ores 
I were derived. 

HTPOOENE OBE TSZTXniES. 

The ores of Tonopah occur in veins that 
were formed mainly by replacement * of the 
coimtry rocks along zones of closely spaced 
fracturing. Ore deposition in open spaces was 
an accompanying but minor process. In 
places, conspicuous sUp planes, accompanied 
by much gouge, limit or traverse the ore 
bodies, but commonly the ore bodies are with- 
out definite walls on one or on both sides. 

LARGER TEXTURAL FEATURES. 

The observations here recorded on the 
larger textural features of the hypogene ores 
were mainly incidental to the microscopic 
studies. A complete study of the larger vein 
textures was not attempted. 

Banding in the ores was particularly con- 
spicuous in parts of the Murray veins and 
commonly presents the appearance shown in 

s Idem, p. 153. " The suggestion is offered that minerals deposited by 
generally downward-moving and initially temperate solutions may be 
termed supergene minerals." 

4 The term "replacement," as used by most economic geologists, slg* 
nlfles the removal of material by solution and the immediate depositicxi 
of different material in its place— either the removal of rock minerals 
and the deposition of ore minerals or the remo\*al of one ore znln«ril 
and the deposition of another. 
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A. BANDED HYPOGENE ORE. 
Evl&iged 1) diflmeteTS. The li^t^gny areas are mainly a fine inlergrowth of fciru^nous rhodochroeite and quartz; 
the dark-OTiy to black areas are mainly quartz carrying hypogene Bulphidpa in numerous very minute grains. 
The radial structure of some of the rhodochiaeit«-quaj-tz intcrgrowths at right angles to the bandii^ is dimly 
shown. Belmont vein, 1,000-foot level. 



B. BANDED HYPOGENE ORE. 
I, Toaopah Extension mine, just below 95&-foot level. Ono-half natural sue. 
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A, B. SUPPOSED HYPOGENE VEINLETS OF PYRARGYRITE. 



a BRECCIA OF QUARTZ AND SERICITIZED WALL ROCK PARTLY REPLACED BY PYRARGYRTTE 
(BLACK). 



HYPOOENE HINEBALIZATION. 



Pkte I, A. Most of the lighter areas are a 
microscopic intergrowth of rhodochrosite and 
quartz; the darker areas are quartz cairying 
milphides in a very fine state of division. 
Plate I, B, shows a similar structure in ore of 
identical appearance from the Belmont vein. 
In many places in both veins the banding is 
concentric around fragments of wall rock 
(probably silicified rhyolite), one of which, 
■partly replaced by quartz, is shown below the 



FIOVBI 1.— Rudely BODonitrlc &miigemiinl of ■ulphldes around uigulu 
friCO*i>t olWkUrock. One-baK Datiml ilM. Belmont vein, l,0Oi}- 
lootlnsl. Skatcbed by E. S. Bastin. 

cwter of Plate I, B. The demarcation of the 
light and dark bands is in places sharp but 
elsewhere vague. The bands may be a milli- 
meter or less in width and confined to those 
parts of the matrix immediately bordering the 
fragments, or they may be fairly wide, as 
shown in Plate I. Scattered grains of pyrite 
are abundant in the rhyoUte fragments but are 
absent from the ore surrounding them. The 
fragments are commonly angular, but some 
show evidences of gradual replacement by the 
fine quartz-rhodochrosite intergrowth. The 
urrangement of the black sulphide-rich por- 
tions around a wall- rock fragment in the 
Bfdmont vein is sketched in figure 1. 

The concentric arrangement of many of the 
bands around angular fragments of wall rock 
favors their interpretation as true crustifica- 
tioD. As banding of somewhat similar ap- 
pearance may be developed in ores that have 
been formed solely by replacement, in the ab- 
sence of any but very minute openings, it is 
difficult to exclude the possibility that some of 
Uie banding in the Tonopah ores may have 
originated during the replacement of a matrix 
of crushed rock in which larger fragments of 
wall rock were embedded. Undoubted crusti- 
fication is locally observed in narrow veinlets 
traversing the wall rocks, as sketched in 
figure 2. 



HTPOOENE (?) VEINLETS AND "BI 
-PYKABOTRriE. 

A number of specimens of rich ^ 
through the courtesy of Mr, John 
show veinlets, mainly of pyraigyr 
ing quartz aad piu^y silicified 
These specimens came from th 
Extension mine, but their exact 
the mine is uncertain. The ap 
sawed faces is shown in Plate II 
As shown particularly well in Plate 
veinlets pass from areas of only pa 
wall rock (o) into areas of quartz (6^ 
ently represent completely silicifiei 
Upon entering the quartz the veit 
somewhat less well defined. Tl 
across the contact between the pai 
and completely silicified wall rock 
the microscope that the veinlets c( 
little chaise of form from the p* 
rock into the quartz and that 
formed after the silicification tha 
the quartz areas. The veinlets a 
minor fracturing, along which pyr 
been deposited along minute frac 
filled with fragments of quartz 
wall rock (mainly sericite and pyi 
pyraigyrite has replaced the serii 
ments and some lias filled small 
vugs. In places some pyrite is sc 
with pyraigyrite as to suggest tha 
deposited at the same time. F; 




FinmiE 2.— CnutlRoeCion Id amall velnlet travening i 
■lie. a, Bulphldcs: b, quarti; c, center ol velnle 
l.OOO-Eoottei-il. atetcfaedbf E.8. BastiD. 

not confined to the veinlets, but 
as smalt patches of irregular outli 
tlirougli and evidently replacing 
altered bordering rock. 

Areas showing pjTargyrite veil 
typo just described or showing mi] 
tics of pyrargyrite replacing alter 
closely associated with areas as 
inches across of what appears to ' 
of pyraigyrite fragments in a gi 
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matrix. The pyrargyrite fragments are at 
most 1 centimeter across. When viewed in 
detail under the microscope the pyrargyrite 
areas are seen to have irregular outlines, as 
shown in Plate II, (7, and to be in the main 
formed by the replacement of a breccia of quartz 
and sericitized wall rock. The fragmental 
appearance is due to the fact that certain frag- 
ments in this breccia which were evidently 
more susceptible to replacement than the 
matrix and other fragments have been almost 
completely replaced by the pyrargyrite. 

Reliable criteria for determining whether 
these pyrargyrite veinlets and breccias were 
deposited by hypogene or by supergene solu- 
tions seem to be lacking. They may represent 
an early step in the extensive replacement of 
wall rock by an association of quartz and 
pyrargyrite of the type shown in Plate III, A, 
which may be very uniform in character 
through several cubic inches and is regarded 
by the writers as probably hypogene. Fur- 
thermore, most deposits of pyrargyite and 
other silver minerals in late fractures in the 
Tonopah ores can be cleanly stripped from 
the walls of such fractures, and the walls 
appear to have undergone no replacement. 
Such deposits are interpreted as supervene 
and are quite dififerent from the pyrargyrite 
deposits described in the present section. The 
writers are inclined to believe, therefore, that 
these unusual pyrargyrite veinlets and brec- 
cia-like deposits are hypogene, though recog- 
nizing that the evidence is not conclusive. 

MINUTE TEXTURAL FEATURES. 

The microscopic study of the ores reveals 
minute textural relations, not otherwise recog- 
nizable, that are of great importance in inter- 
preting their genesis. It shows repeatedly 
and with especial clearness that the primary 
or hypogene minerahzation was not a simple, 
brief event but was a process of considerable 
duration accomphshed by solutions whose 
composition was not at all times the same. 
Ore minerals deposited early in the hypogene 
mineralization were partly or wholly dissolved 
at a later stage in the process, and other ore 
minerals more stable in the presence of the 
changed solutions were deposited in their 
place. 



Some of the general features of the hypog^ie 
minerahzation and the principles which they 
exemplify may first be considered. The TcMio- 
pah ores are in the main formed by the replace- 
ment of igneous rocks; these rocks are aggre^ 
gates of many mineral species, some of which 
are more susceptible to replacement, under a 
given set of conditions, than others. The 
effects of the first of the hypogene solutions, 
the advance wave of mineralization, were the 
replacement of certain of the wall-rock minerals 
by other nonmetalhc minerals and by pyrite, 
alterations commonly included imder the term 
" hydrothermal alteration/' These changes 
are now shown in the wall rock bordering the 
veins and probably were accomplished in the 
main vein zones themselves, where they have 
since been obhteratcd by further changes. 
They have been carefully studied by Spurr.* 
In the Mizpah trachyte, the predominant wall 
rock of many of the veins, the first alterations 
commonly consisted in the selective replacement 
of certain minerals by calcite, siderite, chlorite, 
sericite, and pyrite; later there was progressive 
destruction of chlorite and calcite and to some 
extent of pyrite, accompanied by an increase 
in the amount of siderite and sericite and the 
development of quartz and adularia; finally 
the pyrite was completely redissolved and the 
rock converted into an aggregate of quartz 
and sUica. These changes, while broadly a 
part of the mineralization process, preceded 
the introduction of the valuable metals, for, 
according to Spurr,^ the pyritized wall rocks 
carry only negligible amounts of gold and 
silver. The present paper is concerned with 
the succeeding changes, which involved the 
further replacement of the altered rocks and 
the development of the typical ore minerals. 
Mainly for convenience in description and 
without attributing any particular significance 
to such a classification, the writers have divided 
the hypogene ore minerals into two classes — 
alpha hypogene and beta hypogene. 

The alpha hypogene minerals are those 
which are formed by the direct hypogene re- 
placement of wall-rock minerals or their com- 
mon hydrothermal alteration products, such as 
sericite and quartz, or which are not demon- 

1 Spun-, J. E., 0«oIog7 of the Tonopah mlnini; district, NeV.: U. 8. 
Oeol. Survey ProL Paper 42, pp. 307-252, 1905. 
> Idem, p. 207. 
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A. HYPOGEPre (?) INTERGnOWTII OF QUARTZ (DARK) AND PYBARn 

PhotomicrogTapb of polished Burface of ore from vein between 400 and 500 toot levela, I^ 
minerals are believed to be contemporary results of rock replacement 



B. IRREGUIAR VEINLET OF SPHALERITE (SMOOTH LIGHT GRAY) AND AJ 
LIGHT GRAY). BORDERED BY QUARTZ (DARK GRAY). WITH SCATTERED 
OF SPHALERITE. 

The sphaleiite-argentite veiiilet ia believed to mark a line of easy replacement in the original : 
are interpreted as alpha hypogene. Photomicrograph of polisaed aurfaco of ore from 
vain. West End mine. 
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IRREGULAR IPfTEBGROWTH OF POLYBASITE (i>ol), PROBABLY ALPHA HYPOGENE, WITH 
QUARTZ Cj) AND PYRITE (py). 
Fhotomicn^raph of polished Burface of ore just above 50Q-foot level. Wcet End vein, Weet End mine. 



B. POLYBASITE (LIGHT GRAY) WITH BLADELIKE OUTLINES, INCLOSED BY FYRARGYRITE 
(WHITE). 

Tbe dark my is i^aarU. l^e poiybaaite has been made visible by brief treatment with mercuric chloride solntion. 
Ftratomiciognph of polished surface of ore, Tanopab Extenaion mine, exact location uncertain. 
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strably otherwise. The beta hypogene min- 
erals are formed by the replacement of earlier 
hypogene metallic ore minerals. Replacement 
of the host rock may go on until it 13 practi- 
cally complete, after which further replacement 
must involve the destruction of earlier ore min- 
erals. The beta hypogene minerals are obvi- 
ously younger than those particular alpha hypo- 
gene minerals whjch they replace, but they are 
not necessarily younger than all 
alpha hypogene minerals. On the 
contrary, there ia much evidence 
that direct replacement of the host 
rock by ore minerals at one place 
was coincident with replacement 
of ore minerals by other ore min- 
erals at another place. For this 
reason the terms "alpha" and 
"beta" are preferred to terms that 
carry a time significance, such as 
"early" and "late." 

ALPHA HTPOGXm HIHXEAL8. 

GENERAL BELATIONS. 

The individual grains of the 
minerals that are beheved to be 
alpha hypogene interlock irregu- 
larly in a fashion indicative of 
mutual interference during growth 
and produce ore textures some- 
what comparable to the granular 
textures of certain igneous rocks. 
Typical examples of these textures 
are shown in figures 3 to 5 and in 
Plates V, A, and VI, B. Such tex- 
tures are indicative of general con- 
temporaneity of the minerals pres- 
ent, although certain minor ago differences 
probably exist, such as are shown by the order 
of crystallization usually recognizable among 
the components of a massive igneous rock. 

The minerals named below appear to have 
been formed by alpha hypogene crystallization 
in nearly all the veins studied — Belmont, Favor- 
ite, Shaft , MacDonald, North Star footwall vein, 
I,ast Chance, West End, Extension combined 
vein on 770-foot level, EgJT)tian, Extension 
lower contact vein, McNamara, and Murray: 
Sphalerite. Argyrodite (?), 

Galena. Polybaaite. 

Chftlcopyrite. ArgenLite. 

Pyrite. Electrum. 

Anenopyrite (noted only in Quartz. 

the Iwt Chance vein). Ctrbonatea, 

P)TMSyrite. 



Carbonates were noted in all these veins, 
but their composition commonly differs ftom 
point to point even within a., single vein, -as 
explained in the paragraph' on carbonates. 



SPHALERITE. 



SphaleriCe, which is one of the commonest 
sulphides of the ores, was noted only as an 
alpha hypogene miaeralt Crystal faces on 



PjOTmE 3.— Tj'piral issoctaUoii of alpha bypogene ore mlnerali. A few sm&U areu at 
argentlle <iirir| may be latFr KptacemeDt deposits, but the other mlncroli are believed 
to be essentially contemporaaeous. f , Quarti, ^1, gsleoa; cSal, chalcopyilte; tpt. 



sphalerite were noted only in a few places 
where the mineral w^as in contact with galena 
or chalcopyrite. Commonly it forms rounded 
areas, wiiich are surrounded (see fig. 4) by 
one or more of the minerals galena, argentite, 
or chalcopyrite. Such rounded outlines might 
suggest that the splialerite has been parCly ' 
replaced by the minerals that surround it, but 
there are no other indications that sphalerite 
has been replaced to more than a very minor 
extent during the entire process of mineraliza- 
tion. Locally, as shown in Plate III, B, the 
sphalerite has very irregular outlines. This 
plate also illustrates a less common mode of 
occurrence of sphalerite, as small, irregular 
veinlets that appear to have been formed by 
replacement of the host rock along minut^ 
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fractures. The boundaries between sphalerite 
and quartz are generally very itr^ular (see 
fig. 5) and suggest complete contemporaneity 
of deposition. In a few places sphalerite is 
traversed by minute replacement veinlets of 
chaleopyrite and polybasite, as is shown in 
Plate VIII, A, and figure 7. 

In general the maximum deposition of 
sphalerite and quartz appears to have occurred 
early in the hypogene mineralization, and the 
maximum deposition of gaJena, chalcopjrrite, 
pyrargyrite, and argentite was shghtty later, 
as ia shown by their metrical position. The 
two periods overlapped, however, and locally 
sphalerite and quartz are later than the other 



FioiraB 4.— SphBleille (nit) wltb rounded outUnea nurouDdsd b; 
galena [(bI]. Afiwnqmllaresaola^entlu (idV). f , Quani. CuDera 
ludd* dnwingfrom poUsbed turtice a( ors [rom f aTorlW vgln, Timo 
tub Belmont mine. Depth ancataln. 

mineraJs. In most of the ores sphalerite is not 
identifiable without the aid of the microscope. 



Galena, which is also one of the commonest 
sulphides of the ores, was noted only as an 
alpha hypogene mineral. It almost invariably 
conforms to the eiystal outlines of bordering 
quartz areas, as shown in figure 3, and in many 
places it forms the matrix of areas of sphalerite 
of rounded outline, as shown in figure 4. Its 
contacts with alpha hypogene chaleopyrite 
and aigentite are commonly . irregular or 
smoothly curving. Galena has been replaced 
by beta hypogene minerals to a greater extent 
than any other sulphide. 

CHALOOFYBITB . 

Alpha hypogene chaleopyrite is nearly as 
abunduit as sphalerite or galena. It also 
occurs as a beta hypogene and probably as a 



supergene mineral, and it is not always possible 
to determine to which class a given occurrence 
belongs. Chaleopyrite in relations Uke those 
shown in figure 3 is interpreted as alpha 
hypc^ene. The mineral commonly confonuB 
to the crystal outUnes of quartz and locally 
embeds sphalerite of rounded or crystal out- 
Une. Its boundaries against galena and alpha 
hypc^ene argentite are comnaonly irregular op 
rounding. Alpha hypogene chaleopyrite has 
locally been replaced by beta hypogene minerals 
and by supergene minerals. 



Pyrite is in general less abundant in the 
ores than chaleopyrite, but tends to form 
larger grains. It was the first sulphide to 
form in the process of mineralization by re- 
placement, and in sUghtly mineralized rock 
it is the only one present. (See PI. XV, B.) 
Its deposition appears to have continued 
throughout the hypogene mineralization, for 
in many places it conforms to the crystalline 
outlines of quartz and has irregular boundaries 
next to chaleopyrite. 

Pyrite appears to have formed locally as a 
late deposit in open fractures but was nowhere 
noted as having replaced other metallic ore 
minerals. 

AESENOPTBrrE. 

A mineral that is nearly white in the polished 
sections and only shghtly softer than pyrite, 
though it takes a smoother polish, is probably 
arsenopyrite. The ouUines of the orystal in- 
dicate orthorhombio crystaUization. Stellar 
trilhngs, such as are common in arsenopyrite, 
were noted. Though the mineral ia fiuily 
abundant in an ore specimen from a depth cA 
about 500 feet in the Last Chance vein, it was 
not noted in any other specimens. It is irregu- 
larly intercrystallized with sphalerite, galena, 
and quartz, and except for its presence the ore 
in which it ia found presents no unusual features. 

ARSENICAL PTRABOYBrFE. 

Arsenical pyrai^yrite, though rare compared 
with the sulphides of the base metals, is present 
in all the veins studied and is locally very abun- 
dant. Spurr ' appears to have regarded it as 
invariably supeigene. Some of the pyraigy- 
rite almost certainly is of supervene depoutiim, 
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pressures they are tinsti 
alkaline sulphides. H« 
ever these minerals an 
primary occurrences t 
resulted from the miuglu 
sulphide solutions with 
tions. It appears to 
improbable that oxidati 
any significant amoimt 
when hot minerahzin^ 
ascending. Unless it is 
deposits from hypogene 
being formed at the ps 
supposed that certain 1 
even the majority) are 



' as win be shown later, but most of it appears to 
be hypogene. 

Where particularly abundant its chief asso- 
ciates are quartz, polybasite, and probably ar- 
gyrodite, but in places, as shown in figure 5, it 
is irregularly intercrystallized with the com- 
mon sulphides, sphalerite, pyrite, chalcopy- 
rite, etc. Veinlets of pyrargyrite that may be 
alpha hypogene are described on page 1 1 and 
illustrated in Plate II. More irregular inters 
growths with quartz of the type shown in 
Hate III, A, were noted in ores from the Last 
Chance and Fraction veins and the Tonopah 
Extension mine. A texture of tlus sort might 
be explained through the depoaition of pyrar- 
gyrite in the open spaces of a por- 
ous mass of finely crystalline quartz, 
but it is more probably the result of 
simultaneous replacement of a rock 
by quartz and pyrargyrite, for anal- 
<^;ous textural relations exist else- 
where between quartz and the com- 
moner sulphides or mixtures of the 
commoner sulphides with pyrargy- 
rite, as shown in figure 5, In ores 

like those shown in Plate III, A, * 

and figure 5 the quartz possessed 
greater power of assuming crystal 

outlines than the other ore minerals. * 

The microscopic intergrowths of is 

quartz and pyrargyrite may consti- 
tute several oiibiemchesot material ,„„. .._,^u„,.„^„„, p,„^„ „„■ 

which, viewed with the unaided eye, pyrite (pr). anil palytHBllaCrMl). Cunenluddadr 
Imm Fnctlou vala, Jim Butler mlaa, belirMD BOO km 



appears to be pure pyrargyrite. 

A few small crystals of pyrai^yrite occur in 
vugs, and the angles of some of these have been 
measured by Eakle.' 

A large number of samples of pyrai^yrite 
heated in closed tubes before the blowpipe car- 
ried arseiyc, and in some samples arsenic ap- 
peared to be as abundant as antimony. 

Pyrargyrite was not noted as replacing other 
ore minerals (beta hypogene). 

Louis G. Raviez ' in a recent paper expresses 
the view that the sulphoaalta of silver, such aa 
pyraigyrit© and polybasite, can not be formed 
by precipitation from solutions containing 
alkaline sulphides through decrease of pressure 
or temperature atone, because under ordinary 



IV.: CalUumlkUiUT.Dept. 
ea: Econ. Qtotofy, vol. 10, 



of mineralization in ) 
Mineral deposits (>eing 
surface in regions of I 
characteristically rich i 
metallic minerals; m< 
minerals are confined t- 
as stibnite and cinnab 
as the writers are awi 
mon sulphides galena, 
copyrite, which are the 
at Tonopah and are 1( 
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formed at the surface a 
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through oxidation of 1 
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Furtbemiore, the laitieralogy of the Tonopah 
ores is not that^qt tiie shallowest types of ore 
depoeka. Minizig has shown that the hypogene 
eti^ range through a Vertical interval of 1,500 
feet without notable change, in mineral com- 
position, and it seems probable that they were 
originally deposited at several times this depth, 
at horizons tdiere effective mingling with 
acid supei^ene solutions probably could not 
occur. If Ransome ^ has correctly interpreted 
the formation of alunite at the neighboring 
camp of Goldfield as the result of a mingling 
of descending acid solutions with the ascend- 
ing solutions,. the absence of alunite at Tonopah 
may be taken as additional evidence that such 
intermingling did not take place there. 

Although the writers are not inclined to 
regard the mingling of supergene with hypogene 
solutions as the cause of the precipitation of 
the hypogene sulphosalts of silver at Tonopah, 
these minerals are in the main the latest of the 
hypogene minerals, and it is quite probable 
that at the time they were deposited the 
hypogene solutions had become somewhat 
depleted in alkaUes, through sericitization of 
the wall rocks, and in sulphur, through pre- 
cipitation of the early hypogene sulphides. 

ABOTRODrrE (?). 

In intergrowths of quartz and pyrargyrite, 
such as those shown in Plate III, Aj small 
amoimts of polybasite occur, and also a metal- 
lic mineral that could not be certainly identi- 
fied. This mineral, which is irregularly inter- 
grown with the pyrargyrite and polybasite 
and is plainly contemporaneous with them, is 
recognizable only upon microscopic study of 
polished specimens. On freshly polished sur- 
faces it is distinguishable from the pyrargy- 
rite, though not easily, by its slightly pinkish 
tint. It is brittle and near pyrargyrite in 
hardness, but has a black streak about like 
that of polybasite. It is not tarnished by 
silver nitrate or merciu'ic chloride solutions 
that tarnish pjrrargyrite and polybasite brown. 
The mineral was found in too small amoimts 
to be isolated for analysis, but its physical 
properties appeared to agree with those of the 
mineral argyrodite (AggGeSe or Ag^GeS^), in 
which the element germaniimx was first dis- 
covered. Chase Palmer, of this Survey, has 

1 R«ii9ome, F. L., The geology and ore deposits of Ooldfleld, Nev.: 
U. S. Qeol. Survey ProT. Paper 06, pp. 193-195, 1909. 



made careful qualitative tests for germanium, 
in a sample of the mixture which carried the 
unknown mineral and definitely determined 
that this element was present. It is there- 
fore probable that the mineral argyrodite is 
present in these ores, although the possibility 
that the germanium may be in some other 
mineral combination can not be excluded. 

In the two localities in which argyrodite has 
been identified, it is also associated with other 
silver minerals. Near Freiberg, Saxony, it is 
associated with pyrargyrite, polybasite, steph- 
anite, and common sulphides of the base 
metals.^ In Bolivia it is associated with poly- 
basite and stephanite. 

\ 

POLYBASITE. 

The mode of occurrence of polybasite is very 
similar to that of pyrargyrite, with which it is 
commonly associated. It occurs not only as an 
alpha hypogene but also as a beta hypogene 
and a supergene deposit. In its alpha hypogene 
occurrence it may be irregularly intergrown 
with pyrargyrite and the commoner sidphides, 
as shown in figure 5, or may be a component 
of veinlets of the type illustrated in Plate II, 
A and B. In a few deposits of the type show^ 
in Plate IV, A, the polybasite, probably hypo- 
gene, is intimately intercrystallized with quartz 
and pyrite. 

In one specimen from the Tonopah Extension 
mine polybasite inclosed by pyrargyrite showed 
the blade-Uke forms illustrated in Plate IV, B. 
These blades are presumably cross sections of 
polybasite crystals. 

STEPHANrTE (?). 

The presence of stephanite in the Tonopah 
ores has not been proved. Numerous tests 
were made on crystals that from general ap- 
pearance might be either stephanite or poly- 
basite, to determine whether they contained 
copper. Upon dissolving in nitric acid and 
neutralizing with ammonia the blue color of the 
copper-ammonium salt was obtained in every 
test. This was not due to admixed chalcopy- 
rite, for no precipitate of ferric hydroxide 
formed. All these crystals were therefore iden^ 
tified as polybasite. Spurr' and Eakle^ also 

s See Hlntie, Carl, Handbuch der Hineralogie, Band 1, Abt 1, pp. 
1193-1197, 1904, for full rolcrences to the literature. 

s Spurr, J. E., Geology of the Tonopah mining district, Nev.: U. S 
Geol. Survey Trof. Paper 42, p. 05, 1905. 

« Eakle, A. 8., op. cit., p. 9. 
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A. ELBCTBUM (STIPPLED) mREGUIJinLY IPJTERGBOW'N WITH SPHALERITE j 

TOe argentite {org) ahown in this photograph was probably formed by the replacoment (bota hypogE 
all the oUitT minorala, including the electium, are l>eliev<.d to lie alpha hjpogcne. P 
polished eur&ce oE ore from liOdO-foot level, Macdon^ld veio, North Stai miae. <pA, Sphaleii 



B, ELECTRCM SHOWING CRYSTAL OUTLINES ASSOCIATED WITH QUABTZ AN 

Hie argentite was vta-y probably formpd by the replacement ot galena, but all the other minerali 
alpha hypogene. Photomicrograph of polished eurfaco of ore from l,2ri0-foot level, Mun 
ExteOBion mine. c/hi(, Chalcopynte;ApA, sphalerito; on;, argentite;elcc, eleclrum; 9, quartz. 
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lADlATlNG INTERGnOWTHS OF QUARTZ (WHITE) AND FERRUGINOUS RHODOCHROSITE 

(GRAY) WITH SMALL PATCHES OF HNELY DIVIDED SULPHIDES (BLACK), 
micrograph (ordinary light) of thiu sectioa of ore from 1,000-foot level, Belmont vein, Tonopah-Betmont mine. 



0.5 mm 

::arbonate 

IE MINERAl 
oicrcignph of polished surface of ore from Favorite vein, Tonopah-Belmoat mine. ijiA, Sphal«it«; q, quarts. 



WEGULAR FIN E AG GREGATES OF CARBONATE. ARGENTITE, AND CHALCOPYIUTE (<M) 
INTERGROWN WITH ORE MINERALS IN LARGER GRAINS. 
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were unable to identify any of the '* brittle 
silver" as stephanite. 

ELECTRUM. 

A pale-yellow mineral that is sectile and is 
not tarnished by HCl, HNjOs, or (NHJjS is rec- 
ognizable under the microscope in a large num- 
ber of the ores. It occurs in grains so fine that 
its mechanical separation from the other ore 
minerals is extremely difficult. Ore from the 
West End vein between the 400 and 500 foot 
levels that was known from microscopic study 
to carry this mineral was very finely crushed 
and carefully panned. After the heavy pan- 
nings were treated with hot dilute nitric acid to 
dissolve the sulphides, numerous heavy minute 
black particles, visible imder a hand lens, re- 
mained. Upon further treatment with hot con- 
centrated nitric acid these particles acquired 
the yellow color characteristic of gold. Similar 
blackening of the mineral upon treatment with 
dilute acid was also noted by Hillebrand. Sev- 
eral specimens shown by microscopic study to 
be rich in the light-yellaw mineral assayed ex- 
ceptionally high in gold. This mineral is be- 
lieved to be electrum, possibly carrying some 
selenium, as discussed below. This conclu- 
sion accords with the studies of Hillebrand 
on ores collected by Spurr, which showed that 
at least some of the gold in the ores was heavily 
alloyed with silver. 

A nmnber of assays of Tonopah ores excep- 
tionally rich in gold are given below. How 
much of the silver in these ores was alloyed 
with gold is imknown, for sulphides and sulpho- 
salts of silver were present in all the samples. 

Assays of some Tonopah ores, 
[Ounces per ton.) 



1. North Star mine footwall vein. 
1,250-foot level; grab sample 
from 250 tons 

2. Same locality as No. 1 ; picked 
piece of rich ore 

3. Same locality as No. 1; two 
pieces 

4. Same vein as No. 1, stope above 
1,130-foot level 

5. West End vein in stope 522 be- 
tween 500 and 600 foot levels; 
smaU piece of rich ore 



Gold. 


Silver. 


47.96 


1 

19.35 


367.22 


185.15 


79.60 


36.20 


10.72 


681.90 


2a 50 


1,483.00 



Assays 1 to 4 above were communicated by 
Mr. A. E. Lowe, superintendent at the North 
Star mine. Sample 2 is said to have shown no 
free gold, oven on panning; presumably the 
gold was in very minute grains, which were not 
freed from the sulphides in the crushing pre- 
paratory to panning. Microscopic examination 
by the writers of ore said to be from the lot 
represented in assay 4 revealed the presence 
of the Ught-yellow sectile mineral in unusual 
abundance and in unusually large grains (as 
much as 0.36 millimeter in diameter). A part 
of the silver in this ore occurs in pyrargyrite, 
polybasite, and argentite, all of which were 
identified microscopically. Assay 5 was made 
by the Bureau of Mines on a small sample col- 
lected by the writers and shown by microscopic 
study to be unusually rich in the hght-yellow 
mineral. Pyrargyrite, argentite, and polyba- 
site were also recognized microscopically in this 
sample. 

In most of the ores the electrum grains con- 
form to the characteristic rounded boimdaries 
of sphalerite and to crystal boundaries of 
quartz, sharing the matrical position of galena, 
chalcopyrite, and argentite. (See PI. V, A.) 
In places it develops crystal faces. (See PI. V, 
B.) The argentite shown in Plate V, B, is be- 
Ueved to have been formed, at least in part, by 
the replacement of galena, for reasons discussed 
in the section on argentite (p. 18) . It is possible 
that the electrum in this section also replaces 
galena, but more probably it crystallized con- 
temporaneously with the galena whose place is 
now occupied by argentite. Exceptionally the 
electrum is intercrystallized irregularly with 
sphalerite or bordered by it on all sides in the 
plane of the section. In a number of ores it 
was observed as a minor component of the 
carbonate-sulphide aggregates. (See p. 18 and 
Pis. VI, B, and VII, A,) 

SELENIUM. 

Small amounts of selenium have long been 
known to be present in the ores of Tonopah and 
in the derived concentrates and bullion. The 
largest amount recorded is 2.56 per cent, in an 
analysis by W. F. Hillebrand of pannings from 
heavy sulphide ore (analysis 2, p. 46). The 
mineral combination in which it occurs is not 
yet definitely determined, but there is consid- 
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erable ground for believing that it is associ- 
ated with the gold and silver in electnim. 
Mr. Palmer definitely determined the presence of 
selenium in pannings consisting mainly of elec- 
tnma, from ore obtained in the West End mine; 
unfortunately the quantity of material availa- 
ble was very small. It is possible that selenium 
produced the blackening in the electnim upon 
treatment with dilute nitric acid, noted above. 

ARGENTITE. 

The extent to which argentite occurs as an 
alpha hypogene mineral is somewhat uncertain. 
In a few places it is associated with sphalerite 
in the irregular fashion shown in Plate III, By 
and in such places it appears to be alpha hypo- 
gene. Small areas of argentite bordered on all 
sides, in -the plane of the section, by sphalerite, 
as shown in figure 4, also appear to be alpha 
hypogene. Argentite is also an abundant com- 
ponent of the fine carbonate-sulphide inter- 
growths described below, and in some of these 
it probably directly replaces the host rock 
and is therefore alpha hypogene. 

One of the commonest modes of occurrence of 
argentite is shown in figtire 10 and Plate V, B. 
In the specimens illustrated its position is inter- 
stitial with respect to quartz with crystal out- 
lines and entirely similar to that commonly 
assumed by galena. (See fig. 4.) As a rule it 
is possible to prove that this argentite is at least 
in part formed by the replacement of galena, 
but some of it may directly replace the host 
rock. 

Argentite is also abundant as a supergene 
mineral. 

QUARTZ. 

Quartz is the most abundant gangue mineral 
of the ores and is imiversally present. Most of 
it appears to have been formed by direct re- 
placement of the host rock. In a few places it 
appears to have been replaced by the car- 
bonate-sulphide aggregates described below, 
but replacement of quartz has occurred only 
to a very minor extent in this district. 

Thin coatings of quartz, locally found on 
the walls of certain opcm fractures, are be- 
lieved to bo in part supergene and in part very 
late hypogene deposits. 

CARBONATES. 

The pale-pink material so abimdant in 
many of the Tonopah ores has commonly been 
ermed rhodonite, on account of its apparent 



hardness, the fact that it effervesced with acid 
being attributed to admixed carbonates. 
Microscopic study shows, however, that it is a 
very fine intergrowth of quartz and a car- 
bonate, and that no rhodonite is present. 

An analysis by W. F. Hillebrand ^ of sul- 
phide ore from depths of 460 to 512 feet in the 
Montana Tonopah mine showed that four ele- 
ments were combined as carbonates in the 
foDowing proportions: Calciimi 2.7, mag- 
nesium 0.9, iron 1.14, and manganese 1.32. 
Qualitative tests by the writers on pink car- 
bonate from the 906-foot level on the Murray 
vein showed the presence of calcium, mag- 
nesiimi, manganese, and a very small amount 
of iron. Carbonate of similar appearance 
from the 1,260-foot level on the same vein car- 
ried a much larger proportion of iron. The 
fine state of division of the carbonate in the 
ores makes it difficult to determine whether 
several hypogene carbonates are present in 
varying proportions or a single carbonate of 
varying composition. 

Much of the carbonate is present in the fine 
intergrowths with sulphides, which are de- 
scribed in the next section, but radiating 
intergrowths with quartz of the type shown in 
Plate VI, A, are common, especially in banded 
ores like those shown in Plate I. 

In some veins, such as the Murray, inter- 
growths of quartz and pink carbonate are very 
abimdant and give a pink cast to much of 
the ore; in other veins, such as the West End 
and Favorite, h^TK^gene carbonates are usually 
visible only with the aid of the microscope. 

Carbonates also occur as supergene deposits. 

CARBONATE-SULPHIDE AGGREGATES. 

Microscopic aggregates of light-colored car- 
bonates with one or more of the minerals 
chalcopyrite, galena, argentite, and poly- 
basite are common in many of the ores and are 
shown in Plate VI, B. Usually only one of the 
silver minerals is present. ' In general, all the 
minerals of these aggregates conform to the 
crystal outlines of quartz and to the rounded 
outlines of sphalerite. Tlic fine aggregates are, 
as a rule, sharply demarked from the border- 
ing coarser material, but exceptionally there 
are gradual transitions from fine aggregates 
in which carbonates predominate to coarser 
intergrowths in which sulphides predominate. 

. 1 Spun-, J. E., Geology of the Tonopah xnintng dlstrfet, Nev.: U. S. 
Oeol. Survey Prof. Paper 42, p. 89, 1905. 
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Such a transition from areas consisting mainly 
of carbonate with small amounts of gatt'iia and 
argentitc to areas consisting of mainly galena 
and argentite with scattered patches of car- 
bonate is shown in Plate VII, A. Transitions 
into areas consisting mainly of chalcopjrito 
were noted in other specimens. These tran- 
sitions, as well as the matrical position of the 
carbonate-sulphide aggregates, indicate that 
they were deposited for the most part con- 
temporaneously with the larger areas of 
galena and chalcopyrite. As already stated, a 
few grains of electrum occur in some of these 
a^regates. 

■WOLPRAMriE. 

The tungstate of iron and manganese has 
been noted at a number of localities in the 
mines at Tonopah. Tne writers are not com- 
pletely informed as to all its occurrences, but 
it was noted by them in the Belmont vtua 
and in a small vein in the Valley View mine. 

In the Valley View mine, on the SOft-foot 
level, quartz and wolframite form a small 
vein as much as 4 inches wide, lying well within 
the footwall of the Valley View vein. Its 
relations to the silver veins are not shown. 

In the Belmont vein as exposed on the 1,000- 
foot level of the Tonopah Belmont mine, in 
south crosscut 1044, wolframite is very abun- 
dant and its relation to the silver ore is well 
exhibited. The silver ore at this locality 
consists mainly of quartz and an intergrowth 
of quartz and fomiginous rhodochrosite of the 
sort described on page 18, through wiiich 
a^r^ates of very finely divided sulphides 
are distributed. Fractures traversing this ore 
are partly or completely filled with crystalline 
quartz, with which wolframite is so intimately 
intei^rown as to leave no doubt that the 
quartz and wolframite are strictly contem- 
poraneous. Wolframite is also intercrystallized 
with quartz that lines vugs in quartzose parts 
of the ore. 

So far as the writers are aware wolframite 
has nowhere been estahhslied as a mineral of 
supei^ene deposition. The wolframite at 
Tonopah is believed to have been deposited 
from ascending silica bearing waters after tlie 
deposition of moat of tlie silver ores and after 
these ores had undergone some fracturing. 



BBTA HTI>OaENX HD 

GENERAL FEATCl 

Certain minerals and minei 
the Tonopah ores are formed 
mont of earlier ore minerals 
direct replacement of the wa 
products of its hydrothermal 
criteria by which those depo 
earher ore minerals may fc 
these ores are her© briefly sur 
of the deposits are behoved 
and others Bupergene, and 
distinguishing between them 
pages 24 and 42. 

The textural relation of th 
erals of greatest diagnostic 



FiQi,itE B.— Replacement of galeiia (fal) bjr ] 

tvo diamiitly orlcDled galena prystals (M 
cleavafes (as at C). Rlnu o[ an earlier i 
those sbovrn In dKure 14 are Invulably pn 
and galena but are Cno uarm* to be ibo»n 
arbf eurbonale; chal, chalcopyrite; #pA. sp 
drawing (rnm potUhed surtsce of ore from 
Belmont mine. Depth uDcertain. 

locaUzation at places that 
channels of easy access for n 
tions. Situations particularly 
replacement of hypogene ore n 
ore minerals are the following 
1. Contacts between hypog 
different species, at least on 
replaceable under the then exi 
In such situations the rep 



20 

commonly form narrow replacement bands, as 
shown at A and A' in figure 6 and in Plate 
VIII, B. 

2. Contacts between two crystals of the 
same replaceable mineral. The replacing 
mineral along such contacts commonly takes 
the form of narrow bands expanding hero and 
there into lentictilar areas, as is weJl shown at 
B in figure 6 and A in Plate VII, B. 
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FiQUBE T.— Repluemint o( gilena (foO wxl apluleilte (tpk) bj poly- 
buila (pit) uid chitcopyrltc (rtol). In sphslerits tlia icplacement 
relnJeta are (wmmonLy Irr^uUr, but In gfthia mADr <jt thtta follow 
elcavace (Unmtloiu. Locally tbe leplomment hai toUawsd the cou- 
tacWbMvmnialeatBiidottwrmliicTSls. g.Ciuarti. Cunera lucida 
dnwlng Inm poUsbsd imlace of on (rom Bilmaat vein, l ,3oa-Iaat 
Icvd ol Touoiiah Bakmoot mine. 

3. Narrow wedges of replaceable mineral 
between converging contacts with other min- 
erals or between intersecting fractures. Tlieso 
are particularly vulnerable to replacement, as 
is well illustrated at A in figure 9. 

4. Cleavage planes in replaceable minerals 
or obscure fractures following cleavages. Re- 
placement of galena along cleavages is shown 
at Cin figure 6 and in figure 7. 

5. Miuute irregular fniclurcs. Replacement 
along irregular fractures in sphalerite is shown 
in figure 7 and in Plate VIII, A. 

The replacement of alpha hypogene minerals 
appears not to have becu confined to situations 
of obvious vulnerability but in many places 
seems to have proceeded irregularly through 
the ore. Some deposits so formed represent 
merely advanced stages of a process which 
began by replacement along mineral contacts 
or fractures, but in reference to others it seems 
necessary to conclude that the ore was so thor- 



oughly "soaked" with the replacing Bolutions 
that replacement proceeded with great facility, 
without much regard to the earher textural 
features of the ore. Instances of replacement 
of this sort will be cited in the detailed descrip- 
tions. In some places the resulting textures 
can be identified as due to replacement only 
by local gradations into undoubted replace- 
ment deposits along mineral contacts and frac- 
tures or by close textural and mineralogic re- 
semblance to such deposits. 

The minerals beUeved to have been formed 
by hypogene replacement of earlier hypogene 
ore minerals are polybasite, argentite, an unde- 
termined mineral that is probably a lcad-«ilver 
sulphide, chalcopyrite, electrum, and a fine- 
grained carbonate-sulphide a^regate. 

POLYBASriE. 

Polybasite is very common in the ores of 
Tonopah, replacing galena and, very rarely, 
sphalerite. The situations at which replace- 
ment may occur are well shown in figures 6, 7, 
and 8. Along the contacts between galena 




FiriiiRE K. -Small sreu of galena (^)Iti the tloB oarboiiat»«iit(Atd* 
ae'ircgstcs piLrily replaced by polybasile 'pal)l Tbe first product Of 
thL'rc|ilai»meiil,p(is3llily a lead-bearing silver mkneral , [amu duto* 
rlina()>1acli: In tbo draviing) bclwcvn tbe galena and tbe polyt>ull«L 
csr, Cerbonale. Camera liiclda drawing from pollihed auitaoa olon 
from FaTorlle vela, Tonopah lielmont mine. Deptb unoertala. 

crystals the replacing mineral commonly ap- 
pears in the polished sections as minute threads 
(as at A, Plate \T^I, B), which enlai^e to lenses 
at intervals (as at B, fig. 6). 

Very rarely polybasite occurs alone or with 
chalcopyrite as minute replacement veinlets in 
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A. TRANSITION FROM AREAS WHOLLY GALENA (^at) INTO AREAS (^> TI 

GALENA WITH SOME CARBONATE (ROUGH DARK GRAY) AND ARGENTITE 

INTO AREAS (B) THAT ABE MAINLY CARBONATE WITH SOME ARGENTF 

COPYRITE, AND ELECTRUM, NAMED IN THE ORDER OF ABUNDANCE. 

FhotomicTograph of poliahcd surface of ore from 1,000-foot leve!. Favorite vein, Tonopah-Beli 
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B. REPLACEMENT OF GALENA (?al) BY POLYBASITE (pot) 

Between theee two minerats occur narrow bauds of an unidentified traneition mineral (not visi 

the very narrow li^trcolored bands {as at ^1) that mark the initiation of the replacement pi 

between galena crystals consist of tnia mineral. Photomicrograph of polished surface of 

Tonopah-Belmont mine, depth uncertain. 
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. SPHALERITE (spA) TRAVERSED BY MINUTE VEINLETS OF CHALCOPYRTTE AND POLYBASITE. 

]me of the veinleta ia ephalerite are coDtiQuous with areas of the eame mmeTals replacing galcim (gal) ; this featura 
does not show in this picture but ia illuBtrated by figure 7, drawn tKia the same specimen. The veinleta are 
in the main formed by replacement, though poseibly in small part fracture fillings. PhotomicrogTaph of 
polished BurEace of ore from hanging-wall branch of Belmont vein, 1,200-foot level, Tonopah-Belmont mine. 
9, Quartz. 
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. GALENA (joi) BORDERED BY AN UNDETERMINED REPLACEMENT MINERAL. PROBABLY A 
LEAD-BEARING SILVER SULPHIDE. 

1 a tew places, as at j1 and A', the replac^uent process has proceeded furtlier, with the development of usentite. 
Photomicrograph of polished surface of ore Irom Favorite vein, Tonopah-Belmont mine, depth not Known. 
g. Quartz; py, pyrite; tph, sphalerite. 
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Sphalerite, as is shown in Plate VIII, A. These 
veinlets are commonly irregular in the sphaler- 
ite, hut upon entering neighboring galena 
grains they conform to the cleavage planes of 
the galena. These features are shown in fig- 
ure 7, a drawing, on a larger scale, from a por- 
tion of the specimen shown in Plate VIII, A. 

In places even minute areas of galena in the 
carbonate-sulphide aggr^ates (see p. 18) have 
been partly replaced by polyhaaite, as is shown 
in figure 8. 

Between galena and the polybasite which has 
replaced it, but not between sphalerite and 
polybasite, there is invariably a narrow band 
of ft third mineral which is evidently a tem- 
porary transition product in the re- 
placing process. Thk appears to be 
the same mineral that is developed 
between galena and argentite. It is 
considered more fuDy below. 



UNDETERMINED HINEBAL, PROBABLT 
BEARING SILVER SULPHIDE 

Between galena and argontite or ■ 
that has replaced it there is invariah 
of a replacement mineral represc 
intermediate step in the alteratio 
transition bands, which are of varyi 
are particularly well shown in figu 
also appear in figures 8 and 14 i 
VIII, B. Other illustrations of sue 
ment deposits do not show these 
cause they are too narrow to appe 
scale used. They are not formed 
galena and chalcopyrite that replace 
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Although argentite occurs as a su- 
pervene deposit on the walls of open 
fractures, it has been formed princi- 
pally by the replacement of galena. 
For reasons cited on page 24 most 
such replacement deposits are beheved 
to be hypogene, al^ough in general 
appearance they are similar to others 
that are probably supei^ene. Typical y,^^, ,_ 
replacement of galena by argentite is iphaieriu 
shown in figures 9 and 10 and in '■**'«*' 
Plates VIII, B, and IX, B. Relations like 
those shown in figure 10, in which ai^entite 
embeds quartz and sphalerite, are particu- 
larly common, and are in many places demon- 
strably the result of replacement of galena by 
argentite. Areas in which aigentite without 
galena embeds quartz and sphalerite may be 
traced continuously into others like that 
shown in figure 10, in which both sulphides 
are present, the argentite replacing the galena, 
in part peripherally, with the invariable 
development between argentite and galena 
of narrow hands of an intermediate replace- 
ment product. In a few places argentite, 
alone or with chalcopyrite, replaces polybasite 
(probably alpha hypogene), as is shown in 
figure 11. 



Uplacement ot galena (inl) by argeDllte (nrp) at A. 
CBmera lucittadrBwlngfrom polisbed surface o( ore Iron 
vet o[ Tonopali Belmioit mlna. 

the contacts of silver minerals with 
sulphide save galena. 
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about the same as that of galena. The triangu- I product between galena and argentite it may 
lar depressions developed in the gal(;na in the be suspected of being a double sulphide of 
grinding process continue into the unid<(ntificd : lead and silver or a solid solution of galena 
mineral, as shown in figures 12 and 14. These ; and argentite with physical properties like 
depressions are due to the tearing out of small those of galena. 

inverted pyramids of the minerals between Chase Palmer, of this Survey, has studied 
three intersecting cleavage planes, and their experimentally the action of dilute solutions 
continuity from galena into the othor mineral of silver salts on galena from Joplin, Mo., for 
shows that the latter possesses a cleavage the purpose of throwing some light on the 
identical with and continuous with that of character of the transition mineral observed in 

the Tonopali ores. Li his first ex- 
periment galena, carefully picked to 
obtain as pure material as possible, 
was finely pulverized and treated in 
a flask with a solution of silver sul- 
phate (about N/40) to which bad 
been added a slightly acid solution 
of sodium acetate to keep in solution 
any lead that might be dissolved. 
The flask was heated in a water bath 
for two weeks, a stream of purified 
carbon dioxide passing continuously 
through it to prevent oxidation by 
air. At the end of the experiment 
no metallic silver could be detected 
by microscopic examination of the 
sohd residue, but it was found that 
small amounts of load had been dis- 
solved and some silver removed from 
the solution. 

For a more detailed study of the 
reaction between galenaand a soluble 
, „„ silver salt, Mr. Palmer chose die or- 

ganic salt silver-benzol sulphonate, 
which, though resembling the sul- 
pliate in containing the SO, radicle, 
ia much more soluble and yields a 
soluble lead salt by reaction with 
galena. The results are stated by 
Mr. Palmer' as follows; 
The g&lena. olitained from the Jo|>liu district. Mo., was 
carefully picked. It was reduced to graina that were 
colie< t«d on asieve vith 40 mealies to the inch. Particles 
of galena were Bele<-ted from these small fragments. The 
mineral thus choaea was ground to pasa through a 200- 

Analytito/lhe powdered galena. 



FioumE 10.— Areas of sphalerile {iph) with rounded outlines aniJ of quarti (?) n 
cifstal outlines In i mstrlx cotislsiinK mainly of ur^Dtlte (arf). Th^e n'laiions 
pear to have resulted troia (he replacemeal Dt gslrna (irnl, alpha bYpofxtm) 
argentils (probably beta hypofene) in ore whose original appearance waa like t 
shovn In figure 4. Numerous remnants of galona remain, and between these i 
theargenllla narrow rims of an interaiediate replacement product <loo narrow to si; 
on this sealej are Invariably pnuent. ^r, Fyrile. Camera lucida drawing U 
polished surboeofore from Favorite vein, ToDopnh Belmonl mine. Depth uncerli 

galena. The undetermined mineral is there- 
fore probably, like galena, isometric. 

The mineral is readily distinguished from 
argentite by its lighter color and the fact that 
it is brittle rather than sectile. It is present 
in too small amounts and is too intimately 
associated with other minerals to be separated 
for analysis. From the properties already 
described it is believed to he an isometric 
mineral with perfect cubical cleavage, in 
hardness, color, and luster very similar to 
galena. From its position as a transition 
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For the experiment, 0.5145 gram of the powdered galena 
was digested in a solution of silver-benzol sulphonate con- 
taining 2.075 grams, slightly acidified with benzol sul- 
phonic acid. The volume of the solution was about 250 
cubic centimeters. The mineral was digested in this solu- 
tion five days on the steam bath. The solution was then 
filtered. No trace of sulphate was found in the filtered 
solution, an indication that the sulphur of the galena had 
not been oxidized. 

After the removal of the excess of silver from the solu- 
tion, it was found that 0.11379 gram of lead had been dis- 
solved. This represents 22.18 per cent of the galena used 
in the experiment. The residue was found to contain 
13.38 per cent of sulphur — ^that is, all the sulphur present 
in the galena used — and from the residue was obtained 
0.11242 gram of silver, representing 21.85 per cent of the 
weight of the galena. 

21.85-f-107.9=0.2025 silver. 

22.18^-207 0. =1071 lead, 
and 

0.2025-J-0.1071=1.89. 

The reaction between galena and silver-benzol sulpho- 
nate may therefore be written 

PbS-f2(CeH5S03Ag)=Ag2S-h(C.H5S03)2Pb. 

The normal reaction occurring between galena and a solu- 
ble silver salt may therefore be regarded as strictly meta- 
thetical. 

Mr. Palmer'8 experimental results are in 
agreement with the microscopic evidence in 
indicating that argentite is one of the stable 
products of the reaction of a soluble silver salt 
upon galena. The nature of the intermediate 
replacement product revealed by the micro- 
scope between galena and argentite still re- 
mains in doubt; it may be a solid solution of 
galena and argentite or a double sulphide of 
lead and silver. Nissen and Hoyt ^ from a 
study of a series of melts of galena and silver 
sulphide conclude that ^^ the hinit of sohd solu- 
tion at atmospheric temperatures is below 0.2 
per cent AgjS." The apparent homogeneity 
of the transition mineral and the extreme sharp- 
ness of the boundaries between it and both 
galena and argentite seem to favor its interpre- 
•tation as a double sulphide of lead and silver. 

Although galena is the mineral most com- 
monly replaced by argentite, a few instances 
of the replacement of polybasite by argentite 
or an association of argentite and chalcopyrite 
were noted, as shown in figure 11. 

CHALCOPYRFTE. 

The copper-iron sulphide chalcopyrite has 
been formed rather commonly by replacement 

t Nissen,A.£.,andHo3rt,S. L.,Ontheoocu^renoeofsUveriIlargBntiIer- 
ous gatona ores: Eooo. Geology, vol. 10, p. 179, 1015. 



of galena, either alone or in association with 
argentite. Where galena has been replaced by 
a mixture of argentite and chalcopyrite, tran- 
sition rims of the possible lead-silver sulphide 
are invariably present between argentite and 
galena but not between chalcopyrite and 
galena, a feature which is shovm in figure 14. 
Replacement of polybasite by an association 
of chalcopyrite and argentite is shown in 
figure 11. In a very few places chalcopyrite 
was noted with polybasite in replacement vein- 







0.3mm 

FiauBE 11.— Replacement of polybasite ipol), probably alpha hjrpo- 
gene, by argentite (arg) and some chalcopjrrite (ehal). q, Quartz. 
Camera lucida drawing from polished surface of ore from Favorite 
vein, 1,000-foot level of Tonopah Belmont mine. 

lets traversing sphalerite, as is shown in Plate 
VIII, A, and figure 7. 

CARBONATE-SULPHIDE AGGREGATES. 

Fine aggregates of light-colored carbonate 
with argentite or polybasite and locally chal- 
copyrite, identical in character with those de- 
scribed above as probably representing alpha 
hypogene crystaUization, replace galena in a 
number of the ores. Such replacement is 
clearly shown in Plate IX, A, Carbonate- 
sulphide aggregates replacing gtjena occur in 
the same specimen with aggregates of identical 
character that apparently have directly re- 
placed the host rock. 

Proofs that the aggregates replace galena are 
found (1) in the minutely irregular character 
of their contac t wi th galena ; (2 ) in the presence 
of small ''outliers'' of galena in the carbonate 
areas that have the same crystallographic orien- 
tation as the larger galena areas near by, jof 
which they were evidently once a part; (3) in 
the complete transition of carbonate-polybasite 
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into areasofpolybasite that dearly replace 
1, in tlie general fashion shown in figure 6; 
in the minor irregularity of the contacts 
en quartz and the carbonate-sulphide 
;ate9 contrasted with the smoothness of 
between quartz and galena (a contrast 
hown at A and B in PI. IX, A ) , indicating 



tact with galena. Such replacement presents 
some analogies to the replacement of galena 
by the carbonate-sulphide aggregates shown 
in Plate IX, A, though in the electrum- 
bearing deposit only two replacing minerals are 
involved. Electrum is, indeed, a component 
of a few such carbonate-sulphide aggregates. 



The conclusion that the replace- 
ment of one ore mineral by another 
in the Tonopah oresoccurred mainly 
during the hypogonc mineralization 
is perhaps the most important con- 
tribution of this paper. It is there- 
fore desirable to summarize briefly 
the grounds upon which this con- 
clusion rests. 

1 . The minerals that are described 
as formed by hypogene replacemep^ 
of other ore minerals include no 
species that are not also found as 
undoubted alpha hypogene min- 
erals — that is, directly replafjing the 
host rock. The occurrence of elec- 
trum of identical appearance inter- 
grown irregularly with sphalerite 
(alpha hypogene) and also periphe- 
rally replacing galena (beta hypo- 

I 0.3 mm. ^ ^ I gene) is particularly significant. 

2. The fine carbonate -sulphide 

12.— Repiacement borden otBanndelennlned minBral. probably ale»d-beat[oe a xi. ^ i i /m 

mlnBTBl, around gBluia (iw(i- The imdoWrmlntd miotrBl i» in litra replaced aggr^ates that replace galena (PI. 
by arpmtlW (arjl. The triangular pits dc.-oioped la lbs grlodlnE_or the ore IX, A) are identical in mineral COm- 



kmlsbed wltli bfilrofren perDil< 



lot galena alone but also small amoimts 
irtz have been replaced by the aggregate. 



st of the electrum of the Tonopah ores 
as to replace rock minerals (alpha 
jene) directly, as shown in Plate V, A 
B; some of it is clearly formed by the 
cement of galena. In Plate IX, B, is 
1 peripheral replacement of galena by an 
iation of electrum and ai^entite. While 
tite and electrum are sharply segregated 
fferent parts of the replacement border, 
alena boundary shows no jog in passing 
the contact with argentite into the con- 



(Pls. VI, 5, and VII, .4) that directly 
replace the host rock and that are 
irregularly intergrown with coarser and un- 
doubtedly hypogene sulphides. 

3, Continuous areas of certain minerals and 
mineral aggregates were noted which appeared, 
at one point to replace the host rock and at 
another point to replace earUer ore minerals. 
This was notably true of the carbonate-eul- 
phide aggregates. 

4, The presence of electrum peripherally 
replacing galena is highly suggestive of hypo- 
gene origin, for it is well known that gold 
and silver tend to part company in the proc- 
esses involved in supergene enrichment be- 
cause of their great difference in solubihty 
under conditions of oxidation. If the elec- 
trum is hypogene the aigentite which accom- 
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A. PARTIAL REPLACEMENT OF GALENA {gal) BY A FINE AGGREGATE OF 
CARBONATE, ARGENTITE, AND SOME CHALCOPYBITE. 

There has a1«o been a slight replacement of the quartz (compare the ragKed boundary of th 
the smootli boimduyat£). FhoUiiniciogTaph of polished surface m ore from Favorite 
mine, depth uncertain. 



I 0-3" 



B. PERIPHERAL REPLACEMENT OF GALENA (joO BY AN ASSOCIATION OF A 
ELECTRUM (STIPPLED). 

Note the Bmoothneaa of the galena border in paadng from contact with argentite to contac 
hag alao been replacement of the type shown in figtuv 6 along the contact betwera 
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PHOTOMICBOGRAPH SHOWING TUFFA.CEOUS CHAnACTER OF FRACTION DACITE BRECCIA. 
Near etation 1447 on 300-foot level of West End mine. 



B. FERRUGINOUS CALCrTE COATING HIGHLY OXIDIZED ORE JUST BELOW FRACTION DACITE 
BRECCIA. 

From stop« 4S4 not fu above 40&-foot level, West End vein. West End mine. Two-thirds natural asa. 
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panies it in the peripheral replacement of 
galena (see PI. IX, B) is also hypogene. 

5. Replacement of the type behered to he 
hypogene is as conspicuous in unoxidized ore 
from some of the deepest workings (for ex- 
ample, in ore from the 1250-foot level of the 
Murray vein, PI. IX, B; and from the 1200- 
foot level of the Belmont vein, figs. 7 and 9) 
as in ores near the surface. This argument 
is helieved to have weight in spite of the great 
depth to which oxidation locally extends. 

6. The prevalence of the supposed hypo- 
gene replacement minerals does not appear to 
he closely dependent upon the degree of 
fracturing, as it presumably would if the 
replacement had been accomplished by super- 
gene solutions. The microscope shows that 
replacement has been very extensive in ores 
which exhibit little fracturing and no depo- 
sition of supergeue minerals along the few 
fractures that are present. 

SBQUXNCX m DKPOSmOK AlCONG HTPOOBKE 



The alpha and beta hypogene minerals, 
which, to simplify the discussion, have been 
separately described, are helieved to have been 




Fiomti U. — OalBut (gal) trea In chBlcopjTite (cinl) parti; replaocd 
by nn undBiermlneJ mineral, probably a lead-bfaring silvpr mineral- 
Cunefs lucida drawing Irom pollsbrd surfara of ore Iram West End 
vein, betveeu TOO and HOO foot levels of Jim Butler mine. 

deposited during a single period of mineraUza- 
tion, in the course of which the composition of 
the mineralizing solutions gradually changed. 
In the early stages of the process ore minerals 
were deposited mainly through replacement of 
the host rock; later, when less of the host rock 
remained near the vein fractures and when the 
character of the mineralizing solutions had 
changed, certain of the ore minerals, notably 
galena, were themselves replaced by other ore 
minerals. 

The microscopic relations of the hypogene 
minerals show that in general quartz and sphal- 
erite were deposited most abimdantly early in 



the mineralization; galena 
rai^iyrite, polyhasite, arger 
carbonates of calcium, ma 
manganese formed most f 



PiGinti H.— Partial n 
mineral, probablr & lead-bnrlng all^'er 
replaced by an assodatioi <d argentlte 
Id the lelt-hand Ogun Iha unldrntlfled 
band between galena and argeBtlle and 
and chaleopyille. ; , Quarti, Camets 
suriaoa of on tiom 1'.'«st End vein, beti 
Jim Butler mine. 

later in the process. Still 
some extent sphalerite, qus 
became unstable and were 
more of the minerals ai^ 
carbonates, and electrum, 
appears to have persisted i 
the hypogene mineralizatioi 

Hypogene replacement o 
scribed has not been widely 
dents of ore deposits, becaus 
scopic study necessary to th 
been developed only within 
studies of Rogers' and K 
ores of Butte, Mont,, indit 
replacement has probably 
process in that district, alt 
of the minerahzation app 
punctuated by periods of fra 
extent than at Tonopah. 

It appears certain that ci 
in physico-chemical etjuihb 
tions either in pressure or 
the composition of the mij 
have occurred during the 1 



' Rog^ra, A. F., Upward secondary sul] 
dte formation at Butte, UoDt.: Ecoa. Oei 

■ Ray, I. C, FanRoneals of the ore m 
Ucmt.: EaOB. Qeologj, voL 0, pp. M3-U1, 
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all ore deposits. In ores that are mainly fissure 
fillings these changes may be recorded by the 
presence of a suite of minerals in vug? and the 
medial portions of the veins different from those 
next the walls, or by crustification in which the 
layers fonned last are mineralogically different 
from those formed first. In ores formed 
mainly by replacement such features as those 
observed at Tonopah may not be present if the 
earlier minerals are stable in the presence of the 
later solutions. The writers are inclined to 
believe, however, that carefid study of other 
ores will show that replacement of earlier ore 
minerals by later ones durmg hypogene min- 
eralization is not uncommon. 

Although silver minerals and possibly gold 
were deposited in greatest abundance in the 
later stages of the hypogene minerahzation at 
Tonopah, the writers prefer not to refer to the 
process as ' ^upward enrichment,'' reserving that 
tertaa for the rare occurrences in which the en- 
riching metals can be shown to have been 
leached from deeper-lying ore by ascending 
solutions that were not at the start highly 
metalliferous. The deeper ores of Tonopah 
show no evidences of notable solution of any 
minerals except quartz. In the restricted 
sense indicated the term may find an applica- 
tion in discussions of certain western deposits 
in which thermal waters are now ascending 
along veins. The senior writer has now in 
hand the study of a number of such deposits. 

NATVBE 07 DEEP MINE WATERS. 

Warm waters have been encoutered in a 
number of the deeper mine workings at Tono- 
pah, particularly in the western part of the 
camp. The questions arise: Are these waters 
now depositing ores ? If not, what relation, if 
any, do they bear to the solutions that did 
deposit the ores ? 

Water from the Halifax mine, 1 ,400-foot level, 
about 380 feet east of the shaft, flowing as a 
small stream from a fracture in slightly min- 
eralized Mizpah trachyte, had when collected a 
temperature of 106^ F. (41° C). This water 
was not acid toward methvl red solution and 
was not alkaline toward phenolphthalein. It 
was colorless, clear, and tasteless. 

Watier from the Tonopah Belmont mine, 
1,500-foot level, about 100 feet north of the Bel- 
mont vein, had as it issued from the rock a tem- 
perature of 99** F. (37'' C). It flowed from 



drill holes and small fractures in the face of a 
crosscut and was depositing a sludgy mass of 
hydrous oxides of iron (ocher-yeUow) and ox- 
ides of manganese (black) . The water as tested 
in the mine was not acid to methyl red solution 
and did not appear to be alkaline to phenol- 
phthalein. Field tests with standard potas- 
simn permanganate solution showed that prac- 
tically all the iron was in the ferrous condition. 
T>\'o gallons of this water was collected and was 
analyzed by Cliase Palmer, of the Geological 
Survey, with the results shown on page 29. 

A sample of water from the Mizpah mine, 
collected by Spurr, was analyzed by R. C. 
Wells, of the Geological Survey, in 1910; the 
results are also recorded in the table. This 
water flowed from a drill hole which started 
from the 1,500-foot level of the Mizpah shaft 
and penetrated 816 feet below that level. Its 
temperature at the point of issuance was about 

loe"" F. 

The analyses are stated in the table in terms 
of radicles (or the roots of substances), such as 
Na, Ca, SO4, and COj, which experience has 
shown to represent basal units of chemical in- 
terchange. This method of statement rather 
than a statement in terms of oxides is particu- 
larly appropriate to water analyses, for it indi- 
cates the points at which, according to the con- 
ceptions of the physical chemist the dissociation 
of the molecules of dissolved substances occurs. 
Most substances in water solution are not com- 
pletely dissociated, the degree of dissociation 
differing for different substances and varying 
with temperature, pressure, the concentration 
of the solution, etc. In general the more di- 
lute the solution the greater the proportion of 
ionization. 

From the mere statement of the analysis in 
parts per milUon of the various radicles it is 
impossible to obtain a clear insight into the 
quahty of the water, because each radicle has 
a different combining weight. It is convenient, 
therefore, to divide the total weight of each 
radicle present by the combining weight of that 
radicle, to obtain figures representing the react- 
ing values of the radicles. The values so ob- 
tained are given in the columns headed "Re- 
acting value by weight'' and may be balanced 
directly one against another by simple addition 
or subtraction. The 2.205 reacting value of 
SO4 in the Belmont water, for example, may be 
balanced against 3.472 reacting value of Na, 
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leaving 1.267 (3.472-2.205) reacting value of 
Na to be balanced against other radicles. 

Even this mode of statement is not fully sat- 
isfactory when it is desired to compare the 
qualities of several waters, for the reacting val- 
ues obtained vary with the concentration of the 
solution. If the Belmont water, for example, 
were diluted with an equal volume of pure 
water the reacting value of each radicle would 
be halved. It will be readliy understood also 
that where dilute solutions act through consid- 
erable periods of time two waters carrying like 
constituents in like proportions but differing in 
concentration will in general produce similar 
chemical effects but at different rates. Al- 
though the concentration of the solution must 
therefore be duly considered, it is convenient in 
comparing waters to eliminate this factor. Tliis 
result may be accomplished by rating the total 
value of all the radicles as 100 and proportion- 
ing the value for each radicle to this total; tliis 
has been done in the columns headed ''React- 
ing value by per cent." 

The method of statement and interpretation 
of water analyses here outlined is essentially 
that developed by Herman Stabler ^ and Chase 
Palmer,* of the United States Geological 
Survey. 

The factors which in general exert the greats 
est influence on the potency of natural waters 
as geologic agents are the hydrogen ion and the 
hydroxyl ion. Hydrogen ions give acidity and 
hydroxyl ions alkalinity (or basicity); to the 
physical chemist, indeed, '' hydrion" is the true 
acid and '^hydroxion" the true base. Acid and 
alkaline waters are, at least so far as ore depo- 
sition is concerned, the most potent of natural 
solutions. Hydrogen ions may result from the 
ionization of free acid present in the water, as 
they possibly have in the acid water from the 
West End mine, Tonopah, described on page 43 . 
(See analysis, p. 29.) Hydroxyl ions may re- 
sult from the ionization of hydroxides present 
in the water, as in a deep water from the Com- 
stock lode recently analyzed for the senior au- 
thor by Mr. Palmer. Hydrogen ions may also 
be liberated less directly by the hydrolysis of 
various salts and the ionization of the resulting 



1 stabler, Herman, The mineral analysis of water for industrial pur- 
poses and its interpretaiion by the engineer: Eng. News, vol. 60, p. 356, 
190^ The industrial application of water anal3rses: U. S. Oeol. Survey 
Water-Supply Paper 274, pp. 165-181, 1911. 

1 Palmer, Chase, The geochemical interpretation of water analyses: 
U. 8. G60l. Survey BulL 479, 1911.. 



acids ; the acidity of copper sulphate in aqueous 
solution is attributable to this action. Simi- 
larly, hydroxyl ions may be liberated by the 
hydrolysis of various salts and the ionization of 
the resulting hydroxides; to this action is at- 
tributable the alkalinity of a solution of sodium 
carbonate. 

The geologic importance of the presence of 
so-called free acid or free hydroxide in natural 
waters is self-evident. The geologic impor- 
tance of the formation of hydrogen or hydroxyl 
by hydrolysis and ionization of salts might on 
first thought be questioned, for the proportion 
of a salt dissociated at one time is in most cases 
very small. As soon, however, as the small 
amounts of hydrogen or hydroxyl formed are 
neutralized, other hydrogen or hydroxyl ions 
are at once liberated, and by such progressive 
action a large part of a salt present in solution 
may eventually be involved in a reaction. A 
solution of copper sulphate carrying at any one 
time only a ^mall proportion of hydrogen ions 
may, for example, react with calcium carbo- 
nate until a large part of the copper is con- 
verted into copper carbonate. 

The amount of so-called free acid or free 
alkali present can be computed from the water 
analysis. At the present stage in the study of 
water analyses the extent to which hydrogen 
or hydroxyl ions will be formed through hydrol- 
ysis and ionization of salts must be inferred 
from a consideration of the relative strength of 
the acids and bases that compose the salts, on 
the principle that salts of strong acids and 
weak bases yield an excess of hydrogen ions 
giving acidity, salts of strong bases and weak 
acids yield an excess of hydroxyl ions giving 
alkalinity, and salts of strong bases and strong 
acids do not hydrolyze perceptibly, and give 
merely neutrality or salhiity in the restricted 
sense of the term. 

The considerations outlined above and the 
need of reducing so far as practicable the mul- 
tiplicity of terms in most water analyses make 
it desirable to group the basic radicles in the 
general order of the relative strength of their 
hydroxides and the acid radicles in the general 
order of the relative strength of their acids or 
combinations with hydrogen. In the analyses 
in tTie accompanying table (p. 29) they are 
grouped as (1) strong base or alkali radicles, 
(2) weaker base or alkali-earth radicles, (3) 
weakest base or metal radicles, (4) strong acid 
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radicles, and (5) weak acid radicles. As the 
strength of an acid or base is, according to the 
ionic conception, a direct measure of the degree 
of ionization * such a grouping is a logical pre- 
liminary in any attempt to estimate the prob- 
able ionization in the solution. By balancing 
group totals of basic radicles against group 
totals of acid radicles in accordance with the 
well-established chemical principle of satisfy- 
ing the strong acids and bases before the weak, 
an insight may be obtained into the quality of 
the water. In some waters individuals within 
the groups must also be considered. By apply- 
ing this method of study it is generaDy possible 
to determine from the analysis with a fair de- 
gree of probability not only whether the water 
is acid, alkaline, or neutral, but also what con- 
stituents have conveyed these quahties to the 
water. Such computations should be supple- 
mented in the field and in the laboratory by 
testing the water with indicators. In the pres- 
ent studies methyl red, methyl' orange, and 
phenolphthalein were used in the field. 

The details of the method of balancing the 
radicles are set forth below: 

A. Balancing of strong acids. 

1. Strong acid radicles should be balanced first against 
strong base or alkali radicles. Salts derived from strong 
acids and strong bases do not hydrolyze appreciably in 
water solution and so impart neither alkalinity nor acidity 
but merely salinity to the solution. 

2. Kemaining strong acid radicles should be balanced 
against alkali-earth radicles. Most salts of the alkali 
earths and strong acids do not hydrolyze appreciably in 
water solutions and so impart only salinity to the solution. 

3. Bemaining strong acid radicles should be balanced 
against the metallic radicles, the term metallic being here 
used in the restricted sense, exclusive of the alkali metals 
and metallic earths. Most of the salts of the metallic 
elements and strong acids hydrolyze to a considerable 
degree in water solution. The resulting strong acids 
ionize to a much greater extent than the weak hydroxides 
that are also formed, giving an excess of hydrogen ions 
over hydroxyl ions and rendering the solution acid. Fer- 
ric and copper sulphates in water solutions furnish excel- 
lent examples of acidity produced in this way. Waters 
rich in ferric sulphate will vigorously attack iron pipes in 
mines, even though sufficient iron is already present in 
solution to balance all the sulphate radicles.^ The degree 

1 Walker, James, Introductioii to physical chemistry, p. 313, 1913. 
« Jones, L. J. W., Ferric sulphate in mine waters, and its action on 
metals: Colorado Sci. Soc Proc, vol. 6, pp. 46-55, 1897. 



of acidity imparted by such salts varies greatly, according 
to the relative strengths of the acids and bases concerned, 
so that each association must be individually considered. 

4. Remaining strong acid radicles should be considered 
as in balance with hydrogen radicles — that is, as free 
strong acid. 

B. Balancing of weak acids. 

5. Weak acid radicles should be balanced first against 
alkali radicles if any remain after satisfying the strong 
acids. Most salts of the alkalies and weak acids hydro- 
lyze to a notable degree in water solution. The resulting 
alkaline hydroxides ionize to a much greater degree than 
the weak acids also formed, giving an excess of hydroxyl 
over hydrogen ions and imparting alkalinity to the solu- 
tion. 

6. Kemaining weak acid radicles should be balanced 
against remaining alkaline-earth radicles. Salts of the 
alkaline earths and weak acids hydrolyze to some extent 
in water solutions, yielding hydroxyl ions in excess of 
hydrogen ions and imparting alkalinity to the water. 

7. Remaining weak acid radicles should be balanced 
against remaining metallic radicles (exclusive of the alkali 
or alkali-earth metals). The acids and hydroxides re- 
sulting from the hydrolysis of these salts are both weak; 
their ionization being slight, its effect is not likely to be 
pronounced in the direction of either acidity or alkalinity. 

8. Remaining weak acid radicles should be considered 
as in balance with hydrogen radicles — that is, as free weak 
acid. 

In practice there are always analytical 
errors that require adjustment in calculations 
of this sort. If the basic radicles are in ex- 
cess the reacting values of all of them may be re- 
duced proportionately until their total exactly 
equals that of the reacting values of the acid 
radicles. If the acid radicles are in excess and 
the water is not acid to indicators there has 
probably been an error in their determination, 
and the reacting values of all of them may be 
reduced proportionately until their total ex- 
actly equals that of the reacting values of the 
basic radicles. If the water is acid to indica- 
tors, a notable excess of acid over basic radi- 
cles is usually interpreted as indicating the 
presence of free acid; a slight excess is not 
significant, as the observed acidity may be 
due to hydrolysis and ionization of salts of 
strong acids and weak bases. If it is known 
that the analytical error probably lies in the 
determination of certain radicles it may be 
desirable to apply the correction to those radi- 
cles only. 
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Analyses of mine waters from Tonopah, Nev. 





Belmont, l.SOQ-foot level: tem- 
perature, 99* F.; Chase Palmer, 
analyst. 


Miipah, 2,316-foot drill hole; tem- 
perature, near 106* F.; R. C. 
Wells, analyst. 

1 


West End, fiOO>foot leyel; add; 
Chase Palmer, analyst. 


Baolcles. 


Parts 
mmion. 


Reacting 

value by 

weight. 


Reacting 
value by 
per cent .o 


Parts 

per 

million. 


Reacting 

value by 

weight. 


Reacting 
value by 
percent.^ 


Parts 

per 

nmlion. 


Reacting 

value by 

weight. 


Reactlog 
value by 
peroentCe 


Na 


80 
5 


3.472 
.128 


31.4 
1.2 


- 148.8 
3.4 


6.473 
.087 


30.2 
.4 


135 
12 


5.859 
.307 


12.7 


K 


.7 






Total alkali radicles 


32.6 


30.6 


13 4 




20 
4.4 


1.000 
.362 


68.8 
6.3 


3.433 
.518 


249 
10 


12.450 
.822 




Ca 


9.1 
3.3 


16.0 
2.4 


27.1 


Mff 


1.8 


o •---••• 




Total alkali earth 
radicles 


12.4 


18.6 


28 9 




3 


.107 


.7 

.7 


.025 
.077 


7 

3 

75 


.252 

.332 

2.720 




Fe (lerrous) 


1.0 


.1 
.4 


.6 




.7 


Mn f bivalvent ) 


d\2 


.436 


4.0 


5.9 


Zn. 


Trace. 








(H) 


1 










(.6) 


V /" ••-•••••••-•••--• 


















Total metal radicles 


5.0 


.5 

1.3) 


7.1 


^Deficit of basic radicles) . . 


















106 
35 


2.205 
.987 




327.2 

35.6 

None. 

Trace. 


6.806 
1.004 


1,019 
65 

None. 


21.195 
1.833 




SO4 


20.2 i 
9.0 ! 


31.7 
4.7* 


46.0 


Cl.. 


4.0 


Brand I 




NO, 






i 














■ 












Total strong acid 
radicles 


1 

29.2 


36.4 


50 


1 


36 


1.199 


10.6 


.353 


None. 
Trace. 
None. 






CO, 


10.9 i 


1.6 




Afl04 






HCO. 


51 


.836 


7.6 


157.2 


2.578 


12.0 






^ 9 •"•-•-"--■-••■■••■■•• 


_ 




Total weak acid 
radicles 


18.5 1 


13.6 






15 




64.8 




15 






SiO, 


1 






(Deficit of acid radicles) ! 




(2.3) 


1 












' 


1 




Total solids 


367.4 


1 




824.1 




1,590 








1 














10. 732 

(m.oio) 


97.7 , 
(100. 0) 




21.354 

^9 21. 482) 


99.7 
(100. 0) 




45. 770 
{9 46. 056) 


99 4 


1 






(100. 0) 









a The reacting values of the basic radicles in this anal3rsis exceed those of the acid radicles but the discrepancy is within the permissible limit 
of experimental error. 

b In this analysis the reacting values of the acid radicles exceed those of the basic radicles by a very slight margin, well within the permissible 
Umits of experimental error. 

c This water was found by testing in the field to be notably acid toward methyl red. The slight excess of acid radicles in the analysis is within 
the permissible limits of experimental error and is not therefore a c«rtain indication of the presence of free acid. 1 1 is uncertain whether the acidity 
toward methyl red is due to free acid or to the hydrolysis and ionization of the small amounts of iron and aluminum salts present (ferrous and 
aluminum sulphates in aqueous solutions are l)oth acid to methyl oran>;e). 

d At the time of analysis this water had deposited no sediment but on subsequent exposure to the air for several weeks all of the manganese 
deposited. 

< Bromine and iodine if present are in minimal amounts. 

/ Twice the total reacting value of basic radicles. 

Q Twice the total reacting values of acid radicles. 



Instead of distributing the error among all 
the acid or basic radicles it is in most analyses 
only necessary to distribute it among the 
group totals, as has been done for the first two 
analyses in the table. The results of the 
appUcation of these methods to the two deep 
mine waters shown in the table are given 
in the following paragraphs: 



Thermal water from Belmont mine, 1,500-foot level: 

Alkali radicles balanced by strong acid radicles 58. 4 

Alkali radicles balanced by weak acid radicles. . 6. 8 
Alkali-earth radicles balanced by weak acid 

radicles 24. 8 

Metal radicles balanced by weak acid radicles. . 10. 

100.0 
The above statement shows that this water 

should be alkaUne because of the presence of 
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alkali and alkaU-earth carbonates which by 
hydrolysis and ionization give an excess of 
hydroxyl over hydrogen ions. Tests with 
phenolphthalein at the time of analysis gave 
an alkaline reaction. As noted on page 26, 
the water at the time of collecting did not 
appear to be alkaline toward phenolphthalein, 
but the test was made underground, and a 
faint pink coloration may have escaped detec- 
tion. It is hardly probable that there was any 
appreciable absorption of alkaU from the glass 
of the bottle in which the sample was shipped. 
The water may be described as essentially 
a sodium and calciimi sulphate and carbonate 
water which is somewhat alkaline and carries 
considerable manganese. In view of the ab- 
sence of manganese in the Mizpah water it is 
not improbable that the Belmont water acquired 
its manganese content from manganiferous ores 
with which it came into contact. 

Thennal water from Mizpah mine: 

Alkali radicles balanced hy strong acid radicles 61. 2 
Alkali earth radicles balanced by strong acid 

radicles 11.6 

Alkali earth radicles balanced by weak acid 

radicles 25.6 

Metal radicles balanced by weak acid radicles. . 1. 6 



100.0 



This is also essentially a sodium and cal- 
cium sulphate and carbonate water but has 
more than twice the concentration of the 
Belmont water and carries proportionately 
much more silica. No field tests with indi- 
cators are recorded by Spurr, but from the 
analysis this water would appear to possess 
only the very faint alkalinity attributable to 
alkah-earth bicarbonates. Unlike the Belmont 
water it carries no manganese. The presence 
of traces of nitrate in the Mizpah water is 
of interest in view of the known accumula- 
tion of nitrogen gas in the tops of certain 
stopes and raises at Tonopah. 

Although both these waters are hot and the 
Mizpah water is clearly ascending from a 
considerable depth, there is nothing in their 
composition to indicate whether they come 
from an igneous source, or are siu^ace waters 
that descended, became heated in some man- 
ner, and rose again toward the surface, or 
represent mixtures of waters from several 
sources. 

No indications of the deposition of sulphides 
from these waters were f oimd in the mines. As, 



according to the analyses, the waters contain no 
sulphur beyond that present in the sulphate 
radicle, there was probably no deposition of 
sulphides from them merely through a decrease 
in their pressure and temperature during their 
ascent. The deposition of sulphides and of cer- 
tain native metids from sulphate solutions of 
this general character through reaction with 
earlier sulphides appears, however, to be possi- 
ble. Such reactions may be metathetical, or 
they may involve reduction by the sulphides of 
certain metallic salts in the water. Iron and 
manganese, the only metallic components ex- 
cept aluminum sufficiently abimdant to be de- 
termined in the water analyses would probably 
not be susceptible of such precipitation. The 
iron and manganese in these waters as they 
issued from the rock were already in a reduced 
condition incompatible with further reduction. 
As these metals stand at the end of the Schuer- 
mann series,* they are not likely to displace 
metathetically other metals from their combi- 
nations with sulphur. Certain other metalSi 
however, notably silver, might if present be 
precipitated. 

It may be concluded that these waters, if 
forming ore at all, are depositing sulphides or 
native metals only in small amounts by inter- 
action with earher sulphides. 

It appears idle to speculate upon the possible 
relationship between these waters and the solu- 
tions that deposited the hypogene ores, either as 
regards origin or composition. They diflFer 
from those solutions at least in the absence of 
sulphides, for as the rocks that were replaced 
by the hypogene ores contained no minerals 
capable of reducing sulphates to sulphides, it is 
necessary to assume the presence of sulphides 
in the ore-depositing solutions. 

SUPERGENE MINERAUZATION. 
QENEBAL CHABACTEB. 

Many of tlie hypogene ores have been extea* 
sively modified through the action of the air and 
of waters of surface origin descending through 
the lodes. The extent and degree of such 
action are dependent on the readiness with 
which the agents of alteration can gain accesB 
to the primary ores and are therefore inti- 
mately related to the nature and degree of frao- 

» Schuermann, Emsi, Tcbcr die Verwandtschaft der SchwennetaOe 
sum Schwefel: Liebig's Annaten. vol. 249, p. 326, 188a 
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turing of the ores and wall rocks and the nature j west of the fault plane pro 
of the ground-water circulation. The complex shattered and is considen 



history of the superficial alterations at Tono- 
pah, involving two or more periods of oxidation 
subsequent to the primary mineralization, 
makes it unusually difficult to classify the alter- 
ation products in dose aecordance nith the 
physical and chemical conditions under which 
they were formed. In the descriptions that 



than the less shattered ore t 
oxidation near fractures wa 
Belmont vein on the 1,5C 
Tonopah Belmont mine, 
the Murray vein slight oxic 
the 1,170-foot levi'l but nc 
level. 



PiODBB IS.— SectioD through portion of Wnt End mine i 



<e Fraction dacrto bi 



follow they have been grouped according to 
their mode of occurrence as (1) residual prod- 
ucts of oxidation and deposits in open spaces 
and (2) supergene replacement deposits. 

dBpth op ohdatios. 

General oxidation is characteristic only of the 
upper portions of the few veins that crop out. 
In the upper portions of the veins that do not 
crop out and in the deeper portions of the out- 
cropping veins oxidation is local only. Such 
local oxidati< le of the deep- 

est workings that intersect 

the veins. I sample, on the 

770-foot lev( ^tension mine, 

the deepest 1 workings con- 

nected with I efracturcd ore 

and wall ro< iainbow fault 

are much m hose at a dis- 

tance from t O-f oot level of 

this mine th rein is cut and 

offset by the over 100 feet 



^^^b 

?^r 
%^>* 



OXIDATION AT SXVSI 
At a number of loealitie 
is evidence of oxidation c 
the present surface but 
surfaces now deeply buriet 
ing evidence of this sort : 
points near the 300 and 40 
West End mine, where th 
End vein is cappeil for s 
Fraction daeite breccia, 
the West End mine th 
breccia is the surface rod 
to have a general southwe 
.30° and truncates the Mi 
Mizpah trachyte, and in 
West End vein. The gem 
tions are shown in figure 1.' 
The daeite breccia is, at 
a volcanic tuff, which, like 
rocks of the region, is belie 
of Tertiary age. Its tu 
suggested by its appearai 
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eye but is especially evident under the micro- 
scope, as shown in Plate X, A (p. 25). The 
specimen studied microscopically and figured 
in this illustration was obtained near station 
1447 on the 300-foot level of the West End 
mine. It contains rock fragments irregularly 
angular in form and of various sizes and 
kinds; most of them are so much altered that 
their original character can not be deter- 
mined ; some show plagioclase phenocrysts in a 
finely granular ground mass. In addition, 
there are numerous fragments of quartz and 
feldspar phenocrysts, as shown in tlie illustra- 
tion. The feldspar crystals are m<jstly andes- 
ine. A few of the feldspar crystals are per- 
fect, but most of them are mere fragments, and 
many are very angular and irregular in form. 
Some are much fractured, not along cleavage 



FiaVBE ia.~-Sketch dI ■ porlioaol tbs oonlaot bi 
daciti breeds and (tie WeaC End vefo In Mope 3 
a, Unoxldlied breccia; b, breeds oxldlied nasi 



fracture; c, highly 



planes but very irregularly ; the fractures do not 
extend into the inclosing matrix. One feldspar 
crystal may be much fractured and another 
very close to it may be unfractured, indicating 
that the fracturing took plac<' before the crys- 
tals became embetlded in their present matrix. 
Under high magnification (240 diameters) the 
matrix still appears fragmental and the frag- 
ments show diversity of size and shape. The 
smallest fragments are isotropic and arc pos- 
sibly volcanic glass, Tlie alterations include 
partial calcitization of the plagioclase, some 
secondary enlai^emont of quartz fragments, 
and the development of chlorite in certain 
rock fragments. 

That the breccia is younger than the ore 
of the West End vein is shown by the presence 
of a number of fragments of ore and pyritized 



wall rock in the breccia near its contacts with 
the vem. 

Where the relations are not complicated by 
faulting the breccia appears to have been de- 
posited directly upon the ore; in places it 
shows an obscure stratification parallel to the 
contact. Oxidation of the breccia near its 
contact with the vein is not general, but is 
usually confined to the vicinity of fractures, as 
shown in figure 10. Breccia in immediate 
contact with the vein may be wholly free from 
oxides of iron. Tlie ore underlying the breccia, 
on the other hand, is as higldy oxidized as 
much of the ore found at the present surface 
and carries iron oxides ui mammillary and 
botryoidal forms. Some of the quartzose 
ore next to the contact is porous from partial 
solution of its constituents. 

The high degree of oxidation in the ore, the 
unoxidized condition of much of the breccia in 
contact with the ore, and the local inclusion of 
oxidized fragments of ore in tmoxidized brec- 
cia indicate that much of the oxidation of this 
ore took place before the deposition of the 
breccia. 

Other evidence leading to the same con- 
clusion consists in the presence of coatings of 
calcite, barite, crystalline quartz, and, rarely, 
pyrite on the hydrous iron oxides of the ore 
just below the breccia contact. {See Pl,X,B,) 
In ore from slope 484, not far above the 400- 
foot level of the West End mine, a coating of 
crystals of a carbonate of iron and calcium is 
deposited on hydrous ir(»ii oxides. Some barite 
is hitei^TOW" ^'ith the carbonate. On top of 
the carbonate occur well-formed crratals of 
clear quartz. Locally, quartz has replaced 
the exterior of scalenohedral crystals of calcite 
which test on iron oxide. Ore from stope 400A 
shows thin coatings of p^Tite on hydrous 
oxides of iron. These associations, except 
that of quartz, constitute mmeral misal- 
hances, for the minerals of the coatings are 
not normally ixidation of 

a sulphide on i, therefore, 

indicative of li>-sical and 

chemical con thb ore. 

The structural on page 31 

indicate that ught about 

by the burial ( ily Tertiary 

gossan imder of volcanic 
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tuffs, inducing a return from surficial to 
deeper-seated conditions. 

Spurr ^ calls attention to the probability of 
a still earlier period of denudation and oxida- 
tion between the deposition of the Mizpah 
trachyte and that of the Midway andesite. 
He says: '^Most Ukely the earlier andesite 
[Mizpah trachyte] was deeply eroded and the 
veins were exposed before the later andesite 
[Midway andesite] was poured out." The 
contact between these two formations is in 
most exposures a fault contact, so that con- 
clusive evidence of oxidation during this 
period could not be obtained. 

From the evidence above set forth it may be 
concluded that although a part of the oxida- 
tion, even in those veins which do not crop 
out, is certainly recent, some is to be corre- 
lated with ancient, probably Tertiary land 
surfaces. As downward enrichment has been 
an accompaniment of the recent oxidation, it 
is logical to suppose that it was also an ac- 
companiment of the ancient oxidation, and 
that there have, therefore, been several periods 
of downward enrichment. 

QBOUND WATEB. 

The common text-book diagram in which the 
water table is shown as a subdued counterpart 
of the land surface is applicable in a general 
way to regions, such as the IVlississippi Valley, 
characterized by moderate humidity and flat- 
lying strata through which lateral circulation of 
ground water is easy, but it does not at all ex- 
press the relations at Tonopah. In the Tono- 
pah mines the active ground-water circulation 
is practically confined to zones of fracturing; 
copious flows are limited to a few such zones and 
usually to their more open parts. Other frac- 
tures have, for considerable periods at least, and 
to great depths, been sufficiently free from 
water to permit extensive oxidation through 
the agency of the atmosphere. These relations 
were emphasized by Spurr,- who says: 

No general body of ground water has been encountered, 
although the rocks are extremely fractured; yet along cer- 
tain steeply inclined fracture zones water is found some- 
times quite near the surface and occasionally in consider- 
able quantity. This ^fater is cool, is sufficiently nonmin- 
eral to be fair drinking water, and is undoubtedly the 
storage of precipitation. 

1 Spurr, J. E., Geology of tho Ton^Mih mining district, Nev.: U. S. 
Geol. Survey Prof. Paper 42, p. 35, 1905. 
Mdem, p. 107. 
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Spurr cites much evidence found in the 
sinking of shafts and driving of drifts illustrat- 
ing the localization of the ground water in 
fractures. Observations from later mining ex- 
perience, reported to the writers are wholly 
similar in their import and need not be enu- 
merated here. 

BESIDXJAL PRODUCTS OF OXIDATION AND DE- 
POSITS IN OPEN SPACES BY SUPEBGENS 
SOLUTIONS. 

MINERALS NOTED. 

The minerals listed below were noted either 
as residual un transported products of oxidation 
or as deposits in open spaces at a very late 
stage in the mineralization. As pointed out on 
page 42, certain of them, notably the sul- 
phides, were formed as a rule at greater depths 
than others, but the fact that there have been 
several periods of oxidation makes it imprac- 
ticable to define closely the conditions of forma- 
tion of each mineral. 



Native elements: 

Gold. 

Silver. 
Sulphides: 

Pyrite. 

Chalcopyrite. 

Argentite. 
Sulpho-salts: 

Polybaaite. 

Pyrargyrite. 
Haloids: 

Cerargyrite. 

Embolite. 

Iodobromite(?). 

lodyrite. 
Oxides: 

Quartz. 

Hyaline silica. 



Oxides — Continued . 

Hydrous oxides of iron. 

Oxides of manganese. 
Carbonates: 

Calcite. 

Mixed carbonates. 

Malachite. 
Silicates: 

Calamine. 

Kaolin. 
Phosphate: 

Dahllite. 
Sulphates: 

Barite. 

Gypsum. 



GOLD. 



Grains of bright-yellow gold large enough to 
be soon with the unaided eye are conunonly 
confined to the much oxidized ores of the few 
veins that crop out. Such gold was abundant 
at a depth of about 100 feet in the Valley View 
vein, above and below a fault that displaces the 
vein. In specimens examined by the writers 
from the 500-foot level on this vein it forms 
minute flakes on oxidized surfaces, on which 
iodyrite and iodobromite were also deposited. 
Gold in association with iodobromite was also 
noted in abundance as golden-yellow grains 
0.1 to 0.2 millimeter in diameter in the pan- 
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nings from soft oxidized ore from the South vein 
of the Desert Queen mine about 112 feet above 
the 600-foot level. Fractures in this ore are 
heavily coated with oxides of manganese. 

The gold of the oxidized ores is commonly in 
larger grains than the hypogene electrum and, 
to judge from its yellow color, is of much greater 
purity. It is probably of supergene origin. 

SILVER. 

Silver occurs here and there in certiiin highly 
or moderatoly oxidized ores and in a very few 
places is fairly al)undajit. Argentite is in 
many places closely associated with it. 

In the Tonopah Bebnont mine nativ<» silver 
is present locally in the Belmont and Shaft 
veins. In the Belmont it was found from the 
900-foot level, shortly below the "cap rock,'' 
down to the 1,400-foot level, though most abun- 
dant in the richest parts of the vein near the 
1,100 and 1,166 foot levels; in the Shaft vein 
it was noted in ore from depths as far down as 
the 1,400-foot level. Silver was observed by 
the writers in ores from the MacDonald vein on 
the 330-foot level of the North Star mine and 
from vertical depths of 500 to 600 feet in the 
West E3nd vein. 

The silver may occur in wires, flakes, or tf^per- 
ing, fanglike forms commonly curling at the tip. 
The silver wires are found as a rule in matted 
aggr^ates in small vugs or open fractures, 
where they may be attached to quartz or barite 
crystals or to argontite. Ragged incrustations 
of silver on fractures and in small solution cavi- 
ties were noted in ore from the 1 ,400-foot level 
on the Belmont vein, where they coat quartz 
or hvdrous oxides of iron. 

Small, bright flakes of silver of irregular out- 
line on fractures in hypogene ore obtaijied be- 
tweea the 1,300 and 1,400 foot levels of the 
Belmont vein were not evenly distributed over 
the waUs of the fractures but were deposited 
only where hypogene sulphides were abundant, 
suggesting that the sulphides exerted an influ- 
ence in the silver precipitation. In some 
slightly oxidized ores of the Belmont vem the 
silver flakes are associated with a soft clayhke 
material of blue-green color. Close study of 
this material shows that it is probably kaolin 
colored by an adsorbed soluble salt of copper. 
When pulverized and treated with cold aqua 
ammonia the blue material imparts the charac- 



teristic copper-blue to the solution. Acidifica- 
tion with hydrochloric acid yields no precipi- 
tate, showing that, contrary to the prevailing 
opinion among the miners, the blue material 
does not contain silver haloids. In this mate- 
rial are embedded flak(^ of silver and some 
grains of argentite, but crushing and panning 
may be necessary before thoy become visible. 
Local shearing since the silver was deposited 
has compacted the blue-green kaohn-like ma- 
terial into a talchke mass and drawn out the 
silver flakes into a very thin natural foil. Such 
shearing must be very recent. 

Ta])oring, fangliko fonns of silver were noted 
in ores from the Bebnont, Shaft, and West End 
veuis and commoidy rise abruptly from a base 
of argentite or more rarely of polybasite; in 
some ores minute masses of argentite are at- 
tached to their sides or tips. Rarely the 
'teeth" are attached to a base of quartz or of 
barit<». It is believed that the silver *' teeth" 
have resulted from the reduction of silver com- 
poimds hi place. 

PYRrrE. y 

Deposits of pyrite were noted in a few places 
coating fractures in hypogene ores to depths of 
about 600 feet. At several localities it is inter- 
grown with barite, clear crystals of which in 
places completely inclose small pyrite pyritohe- 
drons. Pyrite closely associated with barite 
was noted in fractures in the McNamara vein 
not far above the 300-foot level (344 raise) of 
the Tonopah Extension mine; in the Murray 
vein on the 600-foot level (end of 603 north 
cn)sscut) of the same mine; and in the West 
End vein <m the 500-foot level (502 drift) of the 
West End mine. On the pyrite and barite lo- 
cally ferruginous and lUimganiferous calcite, 
argentite, or both, have been deposited. In 
one place intergrown p^Tite and quartz are 
deposited on earUer, more coarsely crystallized 
quartz coating a fracture in hypogene ore. 

In all the late pyrite deposited in fractures in 
the Tonopah ores the predominant crystal 
faces are those of the pyritohedron, whereas in 
the pyrite of the undoubted hypogene ores and 
in the pyrite developed hydrothermally in the 
wall rocks cube faces predominate. Hiat this 
contrast in crystal form signifies different con- 
ditions of deposition c^m hardly be questioned, 
but sufficient data are* not at hand t'.> warrant 
conclusions as to its precise significance. 
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BRANCHING DEPOSIT OF ARGENTITE, PnOBABLY SUPERGENE. ON 
IN QUAHTZOSE IIYPOGENE ORE. 



UCHEN-SHAPED DEPOSITS OF ARGENTITE, PROBABLY SUPERGENE, ' 

BASITE, ON WALL OF FRACTURE IN HYPOGENE RHODOCHHOSn 

Not fax below 9fiO-foot level, Muirajr vein, Tonopah Extension mine. Ni 
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A, POLYBASrrE. PROBABLY SUPERGEITO, PARTLY FILLING FRACTURES IN WHITE, OPAQUE 
QUARTZ. 

In a few placv finely cryBtalline chalcopTiito and in one place a little native silver aie deposited on the polybAsite. 
Macaouald vein, Montana>Tonopah mine. 



BRANCHING DEPOSITS OF PYRARGYRITE AND POLYBASITE, PROBABLY SUPERGENE, ON 
WALLS OF FRACTURE IN WHITE QUARTZ. 
Montana-Tonopali mine, exact location uncertain. About natural siEe. 
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CHALCOPTRITE. 

Small amounts of very finely crystalline chal- 
oopyritc occur as late deposits along fractures 
in hypogcne ore. In the Murray vein not far 
below the 1,000-foot level (203 stope) of tho 
Tonopah Extension mine, chaJcopyrite, polyba- 
sito, barite, and argentite have been deposited 
on crystalline quartz that coats fractures in 
hypogene ore. The sulphides are locally on or 
in tho barite ; elsewhere biirite crystals lie on the 
sulphides. A part of the argentite in these 
fractures is an alteration from polybiisite, for the 
exterior portions of fiat hexagonal crystals of 
the typical polybaaite form are now sectile 
argentito. 

In the specimen from the MacDonald vein 
illustrated in Plate XII, A, finely crystalline 
chalcopyrite locally coats the polybaaite in 
fractures oiily parlJy filled by polybasite. In 
the Fraction vein between the 600 and 700 foot 
levels of the Jim Butler muie aigentite, locally 
intergrown with barite, coats fractures in hypo- 
gene ore; and on the argentite or intercrystal- 
lized with it are small crystals of chalcopyrite. 
Ore from the West End vein between the 700 
and 800 foot levels shows intimate mixtures of 
argentite and chalcopyrite coating fractures in 
hj-pogene ore, also chalcopyrite, polybasite, and 
pyrargyrite in quartz-lined vugs. 

ARGENTITE. 

Argentite is particularly common as a late 
de]>osit on the walls of fractures cutting the 
hjiHjgene ores. In one specimen from the Jim 
Butler mine it partly fills fractures in clean 
white quartz in much the fashion that polyba- 
site does in the specimen shown in Plate XII, A . 
A branching deposit of aigentite on a fracture 
in quartzose ore of the MacDonald vein is shown 
in Plate XI, A, and lichen-like deposits from the 
Murray vein arc shown in Plate XI, B. These 
deposits Ue directly on the hypogene ore; in 
other places a thin layer of crystalline quartz 
intervenes. 

In many fractures argentite is accompanied 
by light-colored carbonates. In some places 
the argentite coats the carbonate, as in the 
Fraction vein between .the 600 and 700 foot 
levels of the Jim Butler mine (stope 4), where 
siderite on a fracture is coated with a thin de- 
posit of argentite about the area of a silver 



dollar. In other places aigentite and carbon- 
ate are intercrystallized in a fashion su^esting 
contemporaneity. In fractures in the West 
End vein — for example, in a specimen taken 
between the 400 and 500 foot levels of the West 
End mine— aigentite has been deposited over 
some crj'stals of ferruginous calcite; elsewhere 
on the same ^peciipwt the calcite coats the ar- 
gentite, or the two are irregulariy intercryatal- 
lizqi. In the Fractioit'vein' between the 500 
and 700 foot levels of the Jim Butler mine the 
the wall of a smaU fracture cutting hypogene 
ore is coated with slightly ferruginous calcite; 
over this in places is an intimate mixture of ' 
calcite, argentite, and some barite, the argen- " 
tite in part inclosed by the calcite or barite; and 
on this mixture pure argentite is locally de- 
posited. In the West End vein, between the 
400 and 500 foot levels of the West End mine; 
the Fraction vein, not far above the 700-foot 
level of the Jim Butler mine; and the Murray 
vein in the 1 ,000-foot level of the Tonopah Ex- 
tension mine argentite was noted entirely in- 
closed by clear barite crystab. 

POLYBASITE. 

Polybasite is common as a late deposit in 
fractures traversing hypogene ores; in some 
places it is intimately intergrown with pyrar- 
gyrite, and in many others it is closely associ- 
ated with argentite. The first coating on such 
fractures is commonly crystalline quartz, the 
polybasite being deposited on this quartz. 

In the Belmont vein on the 1,000-foot level 
of the Tonopah Belmont mine, near south cross- 
cut 1044, fractures cutting hypogene ore are 
lined with finely crystalline quartz, on which 
thill patches of polybasile and ai^ontite are 
deposited, A particularly fine specimen show- 
ing polybasite deposited along fractures in 
wliile quartz from the MacDonald vein is shown 
in Plate XII, A. In one part of this specimen 
& Utile native silver and in another part finely 
crystaQine chalcopyrite were deposited on the 
polybasil p. 

Polybasite in fractures is locally associated 
with light-colored carbonates. In the Murray 
vein not far above the 1,100-foot level polyba- 
site in some places Ues on calcite and in others is 
coated by calcite, the two minerals being essen- 
tially contemporaneous. 
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PYRAEOYBITE. 

Late pyrargyrite that can be cleanly stripped 
from fractures and vugs in hypogene ores was 
noted in several places but was much less abun- 
dant than the pyrargyrite described on pages 
14-15, which is beheved to be hypogene. Such 
late pyrargyrite is also less abundant in general 
than late argentite and polybasite. 

Pyrargyrite with intergrown polybasite and 
chalcopyrite was noted coating quartz crystals 
lining vugs in the West End vein between the 
700 and 800 foot levels of the Jim Butler mine. 
The sulphides could be cleanly stripped from 
the quartz and were plainly deposited at a later 
period. Branching forms of late pyrargyrite 
intei^own with some polybasite on the wall of 
a fracture in white quartz in the Montana 
Tonopah mine are shown in Plate XII, B. 

In ore rich in rhodochrosite from the West 
End vein between the 400 and 500 foot levels 
of the West End mine pyrargyrite and polyba- 
site form thin coatings on the walls of fractures, 
from which they can be cleanly stripped. 
Specimens showing identical relations were ob- 
tained from the Tonopah Extension office, but 
their original location in the Extension work- 
ings is unknown. 

SILVER HALOIDS. 

Silver haloids were noted only in the veins 
that crop out. They were reported from sev- 
eral parts of the Tonopah Belmont mine. 
Specimens said to contain them were found to 
carry native silver and a soft blue-green 
material, probably kaolin, with adsorbed sol- 
uble copper salts, but no silver haloids were 
foimd. According to Burgess,^ who had im- 
usual opportunities for studying the occur- 
rence of the silver haloids at Tonopah, the 
most abimdant of them is cerargyrite, al- 
though most of the samples tested by him 
showed traces of bromine. All the gray silver 
haloids tested by the writers contained con- 
siderable bromine, but comparatively few 
specimens were available. There are evi- 
dently all gradations from cerargyrite into the 
chlorobromide embohte. SQver haloids, carry- 
ing chlorine, bromine, and iodine and others 
carrying bromine and iodine, were also noted. 
The pure bromide, bromyrite, was not noted, 

1 Burgess, J. A., The halogen salts of silver and associated minerals at 
ToDopfth, Nov.: Boon. Qeology, vol. 6, p. 17, 1911. 



but nearly pure iodyrite is locally abundant. 
The colors of the silver haloids are in places 
deceptive, for much translucent pale-gray 
haloid appears to carry as much bromine as 
chlorine, and some pale-gray iodyrite was 
noted. 

The mode of occurrence of these minerals 
presents a number of interesting features. In 
one specimen from the Tonopah Mining Co.'s 
upper workings (exact locality imknown) frac- 
tures in sulphide ore were coated with hydrous 
oxides of iron; on these was deposited a thin 
coating of malachite, which, in turn, was 
coated with calcite. Cerargyrite of dirty- 
gray color, carrying some bromine, is locally 
intercrystaUized with the malachite and cal- 
cite. In one place the cerargyrite is wholly 
inclosed in calcite, but a short distance away it 
Ues on imetched crystal faces of calcite. 

A ^'sand*' from porous oxidized ore from the 
Mizpah vein between the 400 and 500 foot 
levels carries yellowish iodyrite and a yellowish- 
green haloid without cleavage, that appears, 
upon testing,' to contain much bromine and 
less iodine and chlorine. The associated iody- 
rite is pale yellow, reacts only for iodine, and 
shows the hexagonal form and basal cleavage 
characteristic of that mineral. 

In other specimens from the Tonopah Min- 
ing Co.'s upper workings (exact locality un- 
known) iodyrite that was deposited on the sur- 
face of iron oxide coating quartz is in part pale 
yellow and in part dirty gray in color. Both 
varieties are hexagonal, have perfect basal 
cleavage and yellow streak, and react only for 
iodine when tested in the closed tube. Some 
crystals are gray iodyrite at the base and yellow 
above. In parts of one specimen a first genera- 
tion of iodyrite crystals has been coated with 
transparent colorless hyaline silica, and on top 
of this a later generation of smaller iodyrite 
crystals has been deposited. A centimeter or 
so away on the same surface, where hyaline 
siUca is not present, there is only one set of 
iodyrite crystals, the later iodyrite appearing 
to have enlarged the earher crystals without 
forming new ones. Locally iodyrite crystals 
are entirely inclosed by the hyaline silica, show- 

s The silver haloids were mixed with a little pulverised galena and 
heated before the blowpipe in the closed tube in accordance with the 
method recommended by Brush and Penfleld (Manual of determinative 
mineralogy, p. 68, 1911). The lead chloride, bromide, and iodide formed 
are deposited at different heights in the tul>e and are easily distinguished 
from one another. Their relative amounts can be roughly estimated. 
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ing that the two mmerals fonned contempo- 
raneously. Another specimen from the same 
mine shows hyaline sihca deposited on iody- 
rite and iodobromite deposited on top of the 
silica; still another shows both iodyrite and 
iodobromite on siUca that coats earUer iody- 
rite. The largest crystals of iodyrite seen were 
in a vug in oxidized ore, in a specimen from the 
TonopeJi Mining Co/s property, in the collec- 
tion of J. A. Uhland. They measured three- 
sixteenths of an inch across the hexagon. 

The relation of the silver haloids to the phos- 
phate dahllite is considered on page 38. 

QUARTZ. 

Quartz is abundant as a coating on the walls 
of fractures traversing hypogeiie ores. It 
commonly forms continuous coatings from 1 
to 3 millimeters thick composed of minute col- 
orless, transparent hexagonal crystals. It is 
usually the first coating on such fractures, and 
on it barite, carbonates, kaolin, polybasite, 
argentite, pyrite, chalcopyrite, and a few other 
minerals are locally deposited. These quartz 
coatings are possibly late hypogene, as noted 
on page 18. 

HYALINE SILICA. 

A number of characteristic occurrences of 
hyaline silica are described in the sections on 
silver haloids and dahlUte. The mineral was 
also noted coating psilomelane in the Valley 
View vein on the 400-foot level. It is not con- 
fined to the veins but occurs abundantly at the 
surface as thin coatings along joints in the 
Midway andesite. 

OXIDES OF IRON AND MANGANESE. 

The presence of rhodochrosite in the hypo- 
gene ores has led to an abundance of hydrous 
oxides of manganese in the products of their 
oxidation. These are rarely pure, being mixed 
usually with hydrous oxides of iron. In the 
Belmont vein between the 1,300 and 1,400 foot 
levels there are masses a foot or so across com- 
posed almost wholly of these oxides. Thin 
exterior coatings of dark reddish-brown pul- 
verulent oxides coat a porous framework of 
hard gray metallic oxides that give an ocher- 
yellow streak. On the 1,300-foot level on the 
same vein a lens of pulverulent manganese 
oxide 10 inches wide and 2 feet long was noted 



at one place. The material is dark dull gray 
and finely crystalline, gives a dark-brown 
streak, and is probably manganite. 

CALCITE. 

Calcium carbonate nearly free from iron, 
manganese, and magnesium is much less com- 
mon than the mixed carbonates described 
below and was noted in only a few places. 
Colorless calcite carrying a trace of manganese 
was noted in the Belmont vein on the 800-foot 
level of the Tonopah Belmont mine as a crys- 
talline coating on fractures traversing coarise 
hypogene sulphide ore. In places this calcite 
is intergrown with crystals of polybasite, the 
two being apparently contemporaneous. Cal- 
cite was also noted coating malachite in ore 
from the Tonopah Mining Co.'s property. 

MIXED CARBONATES. 

Qualitative tests on many of the carbonate 
coatings on fractures in hypogene ore show 
the presence of two or more of the elements 
iron, manganese, calcium, and magnesium. 
Many carbonates that are pure white in color 
are notably ferruginous and turn brown on 
heating. Manganese in many places accom« 
panies the iron, but its proportion appears less 
than in most of the hypogene carbonates, for a 
pink color was nowhere noted. 

MALACHITE. 

Carbonates of copper are not at all common 
in the ores now visible at Tonopah. In a 
specimen from the property of the Tonopah 
Mining Co. (exact location unknown) a frac- 
ture in the hypogene ore is coated with hydrous 
iron oxides; on these locally malachite and 
gray cerai^yrite carrying some bromine have 
been deposited. Both these minerals are in 
places coated with transparent colorless cal- 
cite. 

CALAMINE. 

Characteristic '^ sheafs" of the hydrous zinc 
siUcate calamine were noted in the West End 
vein between the 500 and 600 foot lev^els 
(stope 600 C) of the West End mine. A frac- 
ture in the sulphide ore was first coated with a 
thin layer of crjrstalline quartz; on this aigen- 
tite and sidente were deposited; oxidation 
followed, converting part of the sideiite to 
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hydrous iron oxides and rendering the argen- 
tite dull and locally pulverulent; and finally 
calamine was deposited on the iron oxide. 

KAOLINITE. 

A white pulverulent infusible material that 
reacts strongly /or alumina but not for potas- 
sium ^ is common in the vugs and pores of 
many of the ores. Microscopic examination 
shows that this material is an aggregate of 
minute, roughly spindle-shajped crystals of 
quartz and another mineral of nearly the same 
index of refraction but of very low double 
refraction. This second mineral, which is 
probably kaolinite, is in too minute grains to 
permit the determination of its optical con- 
stants. 

Kaolinito has been one of the latest minerals 
to form in the Tonopah ores. Locally it 
occupies spaces formed by the solution of 
hypogene quartz or carbonates; elsewhere it 
has been deposited on argentite, polyba^ite, 
and carbonates that appear to be of supergens 
origin. In a specimen from a vertical depth of 
1,395 feet on the Shaft vein (east stope 3) in 
the Tonopah Belmont mine kaolinite has been 
deposited subsequent to the formation of wires 
of native silver, which it locally coats. Its 
presence was noted in ores from the deepest 
workings; it is common in unoxidized ores; 
and where it occurs in oxidized ores its develop- 
ment has preceded oxidation oxcept where, as 
shown by other evidences, there has been a 
return from oxidizing to deeper-seated condi- 
tions. 

KaoUnite is not confined to the ores but is 
common in the neighboring wall rocks. In 
the north crosscut on the 850-foot level of the 
North Star mine, for example, it forms the 
matrix of rock fragments in a brecciated zone 
in the Mizpah trachyte. 

Much of the kaolinite occurring in the ores 
is not a purely residual product but is either a 
precipitate from solution or has been intro- 
duced in suspension. This is shown by its 
mode of occurrence in certain quartz-hned 
vugs, where it is heaped up like snow on a fence 
top on the upper sides of the quartz crystals 
and is relatively scarce on their under sides. 

1 The material was tested for alumina by moistening with cobalt 
nitrate and heating before blowpipe; for potassium by the flame colora- 
tkmtsst. 



DAHLLFTE. 

The presence of dahllite, the calcium car- 
bono-phosphate (3 Ca^CPOjj.CaCO,), at Tono- 
pah was first recognized by Rogers ' in ore 
from the Mizpah mine. This ore also contained 
iodyrite, hyaline sihca, quartz, and manganese 
dioxide. The dahUite formed small white tabu- 
lar crystals of hexagonal outline resembUng 
apatite in form but effervescing with warm 
nitric acid. 

The same mineral was observed by the 
writers in ore from the Valley View vein just 
below the 400-foot level. It forms short 
hexagonal prisms 0.5 millimeter or less in 
diameter that effervesce slightly with cold 
nitric acid and react for phosphorus with am- 
monium molybdate. The dahllite crystab lie 
upon quartz crystals hning vugs and also upon 
hydrous oxides of iron, and on the dahllite in 
turn silver haloids are deposited. All these 
minerals are covered locally by clear, colorless 
hyaline silica. Of the silver haloids olive-green 
iodobromite was first deposited, and on this 
and also on the dahllite is iodyrite. 

In another ore specimen from the Tonopah 
Mining Co.'s workings (exact locality imknown) 
dahllite occurs both in and on hyaline silica 
coating oxidized surfaces. 

It is apparent that the dahllite was deposited 
under the same conditions as the silver haloids 
and hyaline sihca. 

BARITE. 

Bariimi sulphate is fairly abimdant in well- 
formed crystals on fractures traversing hypo- 
gene ore; commonly the first coating is quartz 
and the barite crystals he on that. In many 
places the barite was clearly deposited con- 
temporaneously with one or more of the min- 
erals pyrite, argentite, and polybasite, grains 
of these sulphides being wholly inclosed by the 
barite. In other places barite is the only coat- 
ing on the fractures or on the quartz lining the 
fractures. 

GYPSUM. 

Selenite crystals are not uncommon in the 
oxidized ores, especially in the veins that crop 
out. Abundant selenite was observed in the 



s Rogers, A. F., Dahllite (podolite) from Tooopahy Nev.: Am. Jour. 
8cL, 4th ser., voL 33, pp. 475-482, lOiaL 
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South vein of the Desert Quet^n mine on the 
700-foot level, where it occupies fractures in 
oxidized ore. Pyrolusite is the most abundant 
oxidation product there, and the selenite hes 
on thie pjToluaite, being clearly of later forma- 
tion. 

EPSOMrrB. 

Crystals of hydrous magnesium nulphalu 
were noted in the West End mine on the 
400-foot level (near raise 415 B), where they 
had been deposited recently near cracks on 
the walls of the drift by the evaporation <if 
water used in wetting down the Btopes. The 
epsomito may have been an original constitu- 
ent in the water supply or may have been ac- 
quired by the water through reaction with the 
waste in the atopes, 

SUFSBQim BXPLACBHXirr DBPOSITS. 
BEPLACEHENT OF CHALCOPTRITE BY BOllN- 

rrE (i), covBLLrrE, and AROENTrrE. 

In the processes of mineralization thus far 
described chalcopyrite has replaced other min- 
erals but has not ilself been replaced. In other 
words, chalcopyrite has behaved as a stable 
mineral under the conditions of supposed hy- 
pogene mineralization. 

In an ore specimen from the Shaft vein on 
the 1,000-foot level of the Tonopah Belmont 



PiotiBE 17.— RcptacdDCDt rim ot probable bonilte (A) boriloring chai- 
cop^-iiU (clal). f, Quarti; tpA, sphalerite, runners luddn drau-ing 
from polished nuiaoe of oie from SbBll vein. 1,aoiM[>aIlevet of Touopali 



mine, examined imder the microscope, chalco- 
pyrite has been replaced by what is probably 
bornite and this in turn by covellite, argentite, 
or an intergrowth of these two minerals, a» 
shown in figures 17 and 18. . 
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phate solution.* Iq this specimen the ai^en- 
tite appears not to be a replacement of the 
coveUite but to be contemporaneous with it. 
Covellite alone peripherally replacing chal- 
oopyrite was noted in ore from the West End 
vein a short distance above the 600-foot level 
(stope 600 C). Areas of pyrite adjacent to 
the chalcopyrite have not been replaced hy 
covellite. 

SEPLACBHENT OF SPHALERrrE AND QALENA 
BY COVELLrrE OR AROENTITE OR A MIXTURE 
OF THESE MINERALS. 

In other parts of the specimen from the 
Shaft vein mentioned in the preceding section, 
covellite and mixtures of coveUite and argentite 
were noted as formed by the rei>lacement, 
mainly peripheral, of galena and sphalerite. 




Fiotnti U.— Re|riaoeiii«it «( plou dan vi tpluUMile (tfk) b j odtcI- 
UU (c). f, Qurti. CuncraluddailniwingolpoUshBdsuiboeotare 
from Sbttt vein, l,aaMoiit Iml of ToDopeb Belmimt winB. 

These replacement deposits are shown in fig- 
ures 19 and 20. In the supposed hypogene 
replacement deposits described on pages 19-25 
sphalerite was rarely attacked, being in gen- 
eral stable under hypogene conditions. 

In the specimen shown in figure 20 the width 
of the replacement rim docs not change in pass- 
ing from parts that are wliolly argentite to parts 
that are whoDy covellite. This feature was 
also noted in replacement borders of argentite 
and electrum developed around galena, as 
shown in Plate IX, B. In other parts of the 
same specimen galena is replaced by argen- 
tite, but there is a transition band of the un- 
identified galena-hke mineral between the argen- 
tite and the galena. 

' Anlbon, E. F., Uaber die Anweadung dei But nassem Wege iatg^ 
ilellten SchwtlelmetBlle bel der cbambcbm Anal79e;Jour.prBkt, Cbamie. 
vol. 10, p, tS3, 1837. Pcnnjilc, Eugene, Determlnatloo of cuprlc and 
eupnUB sulpbldn In mirituraa ol one uolber: Am. Cbem. 8oc. Jour., 
vol. JB, pp. UTS-MT*. mil. 



NATIVE SILVEB. 



In the specimen from the Shaft vein in 
which the replacement deposits described 
above were noted small areas of native silver 




FmvkB 3D.— pHl|A<nl raplaoDHnt ol spbikriu (tph) hj tn Msocto- 
tloo of oovelUte (c) md ufoitlu (ttg). f, Qiarti. Caman ludds 
dnwlDf ol poUsbed surfua of ore Iram Bbalt nln, IfiOO-loot iBvel at 



are abundant. The silver-heanng parts of 
the specimen are commonly more or less porous 
and are apparently the most altered parts of 
the ore. The silver is usually associated with 
at^enite and may, at least in part, replace it, 
as suggested by the relations shown in Plate 
XIII, A. In other parts of the same speci- 
men, as shown in figure 21, silver and argentite 




FTr.mE 71.— Assodalionotari^nilte (iirti)BndiiBllveglTvrr [rIO. Both 

miiivnil!! arc probably a rtp1ac«nic>it at soma bjpogtne sulpbldc. a, 

Cjuirti. Cunera ludda drawiog ol polubed surCBce ol on Irom Stall 

vein, l,OOO.fooc level ol Tcmopsb Belmont mine. 

are so irregularly intei^rown as to suggest 

contemporaneity. 

As electrum is so common in the ores as a 
hypogene mineral, it would ap[»ear theoreti- 
cally possible that native silver should occur 
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A. ASSOCIATION OF SILVER (*fl) AND ARGENTITE {ing) SUGGESTING 
SULPHIDE BY THE NATIVE METAU 

I^otomicngnphofpotiohedearbee of ore from 1,000-foot level, Shalt vein, Tonopah 
boundaries have been outlined to reader them more distinct. The Knob of { 
Burrounded by soft porous material which Bhowa block in the photograph. 



OXIDATION BANDING IN M12PAH TRACHK 
From walla of Valley View vein. Natunl aise. 
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A. OXIDATION BANDING IN MIZPAH TRACHYTE ADJACENT TO VALLEY VIEW VEIN. 



B. OXIDATION BANDING IN FINE, EVEN-GRAINED FEI^ITE. 
Near North Star shaft. Natural size. 
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also as a hypogene ore mineral. Close study 
of the ores, however, has failed to discover 
native silver in any situation where a super- 
vene origin is not more probable than a hypo- 
gene origin. Furthermore, as gold was fairly 
abundant in the hypogene solutions, electrum 
would seem to be the more Ukely mineral to 
form. 

DELATION BBTWXSN STXPSBGENS ENSICHMSNT 

AKD FRACTUBING. 

Deposition in open spaces and metasomatic 
xeiflacement have both taken part in the super- 
gene mineraUzation, but the former method of 
deposition has greatly predominated. Char- 



rite, argentite, etc. The value of the ore de- 
creased from the fault eastward and in the 100 
feet west of winze 1,050 fell to $3 or $4 a ton. 
Low assays continued up to a northerly fault 
dipping 65° E. Just east of or above this fault 
high-grade ore averaging 0.3 oimce of gold and 
30 ounces of silver to the ton was foimd for 
about 30 feet. Examination of this ore showed 
argentite along fractures in thin layers that 
could be readily stripped oflf and that are prob- 
ably of supergene origin. There is half an inch 
or so of gouge along this fault, but the vein 
is not greatly displaced by it. 

In the Extension No. 1 workings ore tenor 
in the Extension North vein appears to have 
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FioUBE 22.— Plan of a portion of the North Star mine workings, shoeing the relations between supergene enrichment and f^ult fractures. 



acteristic deposits of argentite, pyrargyrite, 
polybasite, chalcopyrite, pyrite, native silver, 
barite, and carbonates on fractures cutting 
the hypogene ores are described above. The 
effect of such deposits on the average tenor of 
the ore in certain parts of a vein is in many 
places masked by the somewhat sporadic dis- 
tribution of the hypogene replacement depos- 
its; nevertheless a distinct relationsliip be- 
tween late fracturing and ore tenor is recog- 
nizable in a number of places. 

On the 1,050-foot level of the North Star 
mine (see fig. 22) the Mac Donald vein west of 
the point where it was cut by the eastward- 
dipping North Star fault was not of excep- 
tional grade; just east of or above this fault 
occurred the richest silver ore the mine has 
produced, carrying an abundance of pyraigy- 



been influenced by the degree of fracturing 
near the Rainbow fault, which trends north- 
northeast and is not itself mineralized. The 
zone of maximum movement along this fault is 
marked by 2 feet of gouge dipping 50°-60° E. 
The North vein west of this gouge was little 
shattered, and its ore was not notably rich, 
but for 120 feet east of the gouge the vein 
was intensely shattered without serious dis- 
placement, was much oxidized, and was of high 
grade. 

According to Mr. J. H. Dynant, of the Tono- 
pah Extension Co., the ore of the McNamara 
vein on the 400-foot level 'was notably richer 
close to the Rainbow fault than away from it 
on either side. The fractured zone here is 
at least 20 feet wide, and the ore is highly 
brecciated and oxidized. 
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In the Tonopah Extension and West End, 
mines the most persistent and conspicuous 
fractures traversing the veins strike N. 10^- 
30° E. and are nearly vertical. Along most 
of these fractures the displacement has been 
shght, but some of the larger faults of similar 
trend and considerable displacement, such as 
the Rainbow fault, may belong to this series. 
Late deposits of argentite, polybasite, and 
carbonates are common along these fractures, 
which appear to have been influential in guid- 
ing the enriching solutions. 

Just above the 500-foot level of the West 
End mine in stope 505 the West End vein, 
which strikes N. 80° W. and dips 35° N., is 
cut, by a vertical fault striking N. 10° W. 
Foi* 50 feet from the main fault the ore is 
traversed by a number of parallel subsidiary 
fractures. The ore of this 50-foot interval is 
said by Mr. J. W. Chandler to have been 
notably richer than that on either side. Ex- 
amination showed that it carried argentite, 
chalcopyrite, barite, and ferruginous calcite 
on fractures. 

In the Tonopah Belmont mine no such regu- 
lar and extensive system of fractures travers- 
ing the ore was noted as in the western part of 
the camp, and it was reported that the few 
well-defined fractures that occur appear i;iot to 
have influenced greatly the tenor of the ore. 
A probable exception to this statement is the 
Belmont fault, for some of the richest ore of the 
mine has been found in the Belmont vein for 50 
feet east of (above) this fault on the 1,100 and 
1,166 foot levels, where the ore was much frac- 
tured and oxidized. Irregular minor fractures 
are munerous in the ores of this mine, and it is 
probable that most of the ore was fairly per- 
meable to descending solutions. 

STJMMABY OF EVIDENCE OF STJPEBGENE OBIGIN 
OF CEBTAm ORE MINEKALS. 

The supergene origin of the deep-yellow gold, 
silver haloids, hyaline siUca, hydrous oxides of 
iron, oxides of manganese, malachite, calamine, 
dahUite, gypsum, and epsomite in the Tonopah 
ores is not open to queston. 

The silver haloids are evidence of solution 
and redeposition of silver in the oxidized zone, 
and it is certainly to be expected that some of 
the silver taken into sohition would be re- 
deposited at greater depths as the sulphide 
or sulphosalts of silver. The notable enrich- 



ment of the MacDonald vein above certain 
incUned faults (see p. 41) by deposits of pyrar- 
gyrite and argpntite on fractures is concrete 
evidence that such deposition has taken placa 

The thin coatings of crystalline quartz com- 
mon on fractures may be of diverse origin and 
age. Though clearly formed after the main 
hypogene mineralization and after the ores 
had been fractured, some of this quartz was 
probably deposited by ascending solutions, as 
is shown by the presence of wolframite, an un- 
doubted hypogene mineral, intergrown with 
such quartz in parts of the Belmont vein. 
Other quartz coatings are probably supergene^ 
as for example those on oxidized ore below the 
Fraction dacite breccia. Not all the late frac- 
tures are coated with quartz, but where quartz 
is present it usually forms the first coating and 
the late silver minerals Ue on the quartz, not 
intercrvstallized with it. 

Structural evidence of the supergene origin 
of some of the argentite, polybasite, and pyrar- 
gyrite in the ores has been presented, but the 
supergene origin of all occurrences of these 
minerals in late fractures and of the pyrite^ 
chalcopyrite, barite, and carbonates in places 
associated with them can not be said to have 
been proved. Some of them may have been 
deposited by ascending solutions at a period 
distinctly later than the main hypogene min- 
eralization, or by interaction between ascend- 
ing and descending solutions. If they are hyp- 
ogene they are probably later than the period 
of oxidation which preceded the deposition of 
the Fraction dacite breccia, for barite, calcite^ 
and rarely pyrite coat highly oxidized ore just 
below this breccia. (See p. 32.) The writers 
believe that the probabihties favor the super- 
gene origin of all the minerals except woKramite 
and a part of the quartz, which coat sharp-waUed 
fractures cutting the typical hypogene ores. 

Native silver appears to be absent from the 
deeper ores at Tonopah, even from those that 
carry argentite and sulphosalts of silver in 
abundance. It was noted only in ores that 
were somewhat oxidized, were more or less 
porous through solution of certain constituents, 
or showed other evidences of alteration, such 
as the presence of kaolin contflaining adsorbed 
soluble salts of copper. In places, its relations 
suggest that it has been formed by the altera- 
tion of argentite or polybasite. All the native 
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silver at Tonopah is, therefore, believed to be 
supergene. 

The replacement of chalcopyrite by bornite, 
of bornite by covelhte and argentite, of sphal- 
erite by covellite and argentite, and possibly 
of argentite by native silver, shown by a speci- 
men from the Shaft vein, contrasts strongly with 
the replacement characteristic of most of the 
Tonopah ores. . Under the conditions of the 
more usual and supposedly hypogene replace- 
ment chalcopyrite is stable (being itself a replac- 
ing mineral), argentite is never accompanied by 
native silver but on the contrary is in place-s 
accompanied by electrum, and sphalerite is 
only rarely replaced and then not by coveUite 
and argentite but by chalcopyrite and poly- 
basite. Obviously, these types of replacement 
occurred imder physical and chemical conditions 
quite different from those under which most of 
the ores were formed. The loss of iron and the 
substitution of silver for copper involved in 
the replacement of chalcopyrite by bornite and 
of bornite by argentite, as well as the forma- 
tion of native silver, are changes in harmony 
with well-known chemical tendencies in super- 
gene enrichment, and to this process the 
writers attribute them. 

NATUBE OF SOLUTIONS PRODUCING SUPEB- 
GENE MINERALIZATION. 

I 

Where active oxidation of pyrite and chalco- 
pyrite was in progress, acidity must, at least 
locally and transiently, have been imparted to 
the waters in contact with the ore. The abun- 
dance of primary carbonates (of one or more 
of the elements calcium, magnesium, iron, and 
manganese) in most of the Tonopah ores, how- 
ever, favors the neutralization of acidity early 
in the descent of the solution. This inferential 
conclusion appears to tally with the observed 
facts, for, as shown in the detailed descriptions 
that precede, the argentite and polybasite in 
late fractures are in many places intergrown 
with or even whoQy inclosed in calcite or related 
carbonates. Such mineral associations were 
evidently deposited by neutral or possibly alka- 
line and not by acid solutions. If such deposits 
infractiu*es have bsen correctly interpreted as 
supergene, it follows that the supergene solu- 
tions were not acid at the places at which these 
minerals were deposited, whatever may have 
been their reaction earUer in their descent. 
Even the silver haloids were, locally at least, 



deposited by neutral solutions, £ 
their intercrystallization with m 
calcite. Barite is associated witl 
supejHgene argentite and polybasite 
same manner as the carbonates. ' 
ogic evidence indicates therefore 
solutions which produced superj 
ment became neutral early in the 
journey; (2) that they carried cai 
I sulphates in abundance, with lesse 
halogens and phosphates; and (.: 
transported silver, copper, iron, 
arsenic, antimony, and possibly c 
In the hope of obtaining further c 
ceming the character of the soluti< 
duced the supergene enrichment, 
descending mine water was colic 
West End mine and was analyzi 
Palmer. (See table on p. 29). 
flowed down through the broken o 
filling of a large caved stope betv 
and 500 foot levels and issued in a 
at raise 524 on the 500-foot level, 
it is in contact with ore and with th 
conditions simulate those original 
short distance below the natural oi 
veins. The water as tested in the 
cidedly acid to methyl orange an 
boles where it dripped on corrug 
the foot of raise 524. 

The analysis shows that this is 
sodium and calcium sulphate wal 
also manganese and chlorine radic] 
ance. Its concentration is nearb 
of the Mizpah deep water and near 
that of the Belmont deep water, 
relations between its components, 
accordance with the Palmer mel 
follows : 

Alkali radicles balanced by strong a<nd rac 
Alkali earth radicles balanced by strong s 

cles ■ 

Metallic radicles balanced by strong acid r 
Free strong acid (?) 

The slight excess of strong aci< 
the analysis is within the permissi 
experimental error, and it is thei 
tain whether the observed acidity 
toward methyl orange is due to 
of free acid (SO^ in balance with '. 
hydrolysis and ionization of the sn 
of salts of strong acids and weak b 
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ferrous and aluminous sulphate in aqueous so- 
lution both giving acid reactioas. The entire 
absence of carbonate and bicarbonate radicles, 
in spite of the fact that the water has perco- 
lated through carbonate-bearing ore, is a nat- 
ural C/Onsequence of the acidity of the water, 
as a result of which carbonates would be con- 
verted into sulphates with Uberation of carbon 
dioxide. 

It appears that this water may present some 
analogy to the waters that accomplished the 
supergene enrichment in the early part of their 
descent; before neutralization and before they 
had acquired their full load of dissolved mate- 
rials. It is apparently not an analogue of the 
supergene solutions at the stage whed they de- 
posited most of the supergene silver minerals, 
for at that stage they appear to have been neu- 
tral and were depositing also carbonates. 

PROBABLE PERSISTENCE OF ORES IN DEPTH. 

The deepest developments in the Tonopah 
muies have shown that in certam veins the 
degree of mineralization gradually decreases 
with increasing depth. The deep ores of such 
veins carry more quartz and less sulphides than 
the ores higher up; microscopic study shows, 
however, that the sulphides are the same species 
as in the ores above and that replacement 
deposits of the type described as probably 
hypogene are present, though naturally not in 
such abundance as in the ores richer in sul- 
phides. The Belmont vein on the 1,500-foot 
level of the Tonopah Belmont mbio, the com- 
bined vein on the 770-foot level of the Exten- 
sion No. 1 workings, and the Favorite vein on 
the 1 ,2()0-foot level of the Tonopah Behnont 
mine afford good examples of such dimiimtion 
ui value with depth. 

The Behnont vein on the 1,500-foot level 
shows sulphidi>s only i^i a few places; much of 
it is brecciated wall rock traversed by veinlets 
of white or dark-^ray quartz, and no ore in 
commercial qutuitity has yet Ihhmi found. On> 
from a point 40 fevt east of raise No. 2, when 
examined micn>scopicaUy, was seen to carry 
scattered grams and small aggregates of galena, 
sphalerite, chalcopvrite, p\Tite, and polybasite 
in a quartz gangue. Tlie polybasite, at least 
in part, replaces galena, and there are narrow 
transition rims of probable lead-silver sulphide 



between. A sample of this ore assayed by the 
Bureau of Mines showed 0.08 ounce of gold 
and 3.90 ounces of silver to the ton. The hand 
specimen shows very slight oxidation along 
fractures, and kaolin occurs as a late deposit 
on the quartz crystals in some vugs. 

Ore from the 770-foot level of the Extension 
No. 1 workings is highly quartzose and carries 
scattered minute grains of pvrite and, rarely, 
small dark-colored aggregates of other sul- 
phides. A polished surface of a piece com- 
paratively rich in dark sulphides shows galena, 
sphalerite, pyrite, chalcopvrite, and polybasite. 
The polybasite is peripherally replaced by an 
aggregate of argentite and chalcopyrite. The 
hand specimens show hydrous iron oxides along 
some fractures and manganese oxides along 
others. 

In contrast to the veins just mentioned, other 
veins show strong mineralization on the deepest 
levels to which they have been developed. Ore 
from the Murray vein, for example, on the 
1,260-foot level, is rich in sulphides and is 
equal in grade to much of the ore higher up. 
This ore is imoxidized. Microscopic study of 
a polished specimen shows the presence of 
galena, sphalerite, pyrite, and chalcopyrite, in 
addition to quartz and a pink manganiferous 
carbonate. In places the galena has been 
peripherally replaced by argentite and elect- 
rum, as shown in Plate IX, B, Some kaolin 
has been deposited in small vugs. 

The decrease in tenor with increasing depth 
in the veins of the Tonopah Belmont mine is 
concomitant with the passage of the veins 
from the Mizpah trachyte into the W^t End 
rhyohte and is doubtless dependent, at least in 
part, upon the differing susceptibihties of the 
two rocks to fracturing and replacement. The 
mineralization, though varying in degree, was 
continuous from one formation to the other. 

Although obviously all veins must terminate 
in depth as well as laterally, the evidence from 
microscopic studies that many of the silver min- 
erals at Tonopah are hypogene (primary) and 
that they occur in ore from the deepest workings 
offers substantial encouragement to deep min- 
ing. In some veijis change in wall rock was 
pn)bably a more important factor than mere 
increase in depth in causing the decreased ore 
tenor. 
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PHOTOMICROGBAPHS OF COPfTACT BETWEEN OXIDIZED AND UNOXIDIZED PORTIOP 
SPECIMEN SHOWTV IN PLATE XIV, A. 

A waa taken in ordinary light and B in polarized li^ht. In the unoxidized half, as shown at the left in ^ 
pyrite cryBtaJs abound: is the oxidized half the iron occun as finely divided oxide, though theapaceeor 
occupied b^ pyrite are still recognizable. S shows that the oxidation banding ie in a Kcncral way indei 
of the original rock texture. It will be noted, however, that very little iron oxide has developed 
phenocrystB. 
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UESEGANG RINGS OF FERROUS AND FERHIC KYDROMDIiS DEVELOPED IN AGAR AGAR BY 
DIFFUSION FROM OPPOSITE ENDS OF TUBES OF IRON SULPHATES AND SODIUM HYDROXIDE. 

^- After 17 dayB. A Ib the fiist and B Ihe sorotiil ring foniiod. 

-B. After one month. Most of tho rin^ were ferrous hydroxide, but in the late st^ee, when the iron solution 
had oxidized, rings of ferric hydioude were devclopcil at A. 
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OXIDATION BANDING IN WALL BOCKS. 

A fe&ture of no economic importance but of 
some scientific interest is the regularly banded 
distribution of hydrous oxides of iron in certain 
of the wall rocks. This feature is especially 
well shown in material from the dump of tho 
Valley View shaft, and most of the specimens 
studied were from that source. Similar band- 
ing was noted in place in the walls of the South 
vein, Desert Queen mine, at a depth of about 
500 feet. 

The agents producing this banding evidently 
gained access to the wall rock through frac- 
tures and from them permeated the rock. Po- 
lygonal blocks bounded by fractures show com- 
pletely concentric structures such aa are illus- 
trated in Plate XIII, B. 

The iron oxides ap[»ear to have been derived 
from the oxidation of pyrite, for in many speci- 
mens cores carrying abundant dissenunatod 
grains of pyrite remain. This is true of the 
specimen illustrated in Plate XIV, A, the Ught- 
colored, unhanded portion carrying ahtutdant 
pyrite grains. Plate XV shows photomicro- 
graphs taken at the junction of the oxidized 
and unoxidized areas. Plate XV, -1, taken 
in ordinary light, shows the scattered crys- 
tals of pyrite (black) in the unoxidized por- 
tion and irr^ular blotches of iron oxide, prob- 
ably amorphous, in the oxidized portion. In 
the oxidized portion are visible sovcrul voids 
corresponding in size and shape to the pyrite 
crystals and evidently representing their former 
presence. Plate XV, B, gives tho appearance 
of tho samo field in poliirizod hght and shows 
that the oxidation banding is independent of 
the original texture of tho rock. 

Quartz veLolets that traverse tho rock were 
at first believed to be later than the banding, 
but closer study leads to the conclusion that 
they were earlier. In places they has^e had 
surprisingly little influence on the course of the 
oxidation bands. Near some very late frac- 
tures the iron oxides have been leached. 

A very interesting example of oxidation band- 
ing in fine-grained felsite from the vicinity of 
the North Star shaft is shown in Plate XIV, B. 
The senior writer was at first inclined to in- 
terpret this aa a "development" by oxidation 
processes of a banded distribution of pyrite or 
ferruginous carbonates produced during hydro- 
thermal metamorphism ; microscopic study 



shows, however, that the position of 
of iron oxide is wholly independent of 
bution of the pyrite from which it n 
derived. 

It has been su^eated by A, C, Sp 
the banding is the result of aJtema 
and drying during many seasons, 
planation has much to recommend it 
hke Tonopah, where cyclonic storms ; 
confined to the winter months, the re 
the year being rainless except for 
showers. Furthermore, occasional d 
mitting access of air would appear U 
sary for the oxidation of tho pyrite. 

The possibihty of the developraei 
oxidation banding by diffusion proo 
ogous to the formation of the so-ca 
gang rings has been pointed out by 1 
and unquestionably merits serious 
tion, although the progress of such 
must necessarily have been modifiec 
nations of wet and dry periods. Ii 
nection two experiments carried oi 
writers may be of interest. 

In the first experiment the central 
a straight glass tube about half an i 
temal diameter was filled with a a 
agar agar in water. This was retaini 
by a wad of cotton until it harden 
the agar agar had set to a firm jolly 
of N/20 ferric sulphate was placed i 
of the tube and a solution of N/i 
hydroxide in the other end ; the ends 
corked an<l sealed. After two daj 
brown band of ferric hydroxide had 
at the point marked A in Plate XV 
the end of another two days the ba 
not moved but was better defined s 
band of ferrous liydroxide (green) 1 
oped at the point marked B. By t 
sive formation of new bands shown, 
to right in Plate XVI, A (from Fe,(SC 
NaOH), the tube at the end of 17 
sented the appearance shown in the ill 
Bands once formed did not shift ap 
The agar agar appears to have exe 
ducing influence on the ferric sulphai 
most of the rings were of ferrous 
instead of ferric hydroxide as was ei 

In a second experiment the agar 
placed in the lower part of a U tube 
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hydroxide was placed above it in one arm and 
ferroas hydroxide in the other. The appear- 
ance at the end of one month is shown in Plate 
XVI, B. Most of the rings were green, but 
those last formed, at the point marked A, were 
brown, evidently because of oxidation of the 
iron-bearing solution by the air. 

Rings were also produced in compacted filter 
paper under conditions similar to those of the 
first experiment. 

ilNALYSES OF ORE, BULUON, ETC. 

The following analyses, published by Mr. A. 
H. Jones* and inserted here with his permis- 
sion, have significance in nidicatmg the pres- 
ence of certain elements, notably selenium. ' 
whose {Presence is not apparent from a mineral- 
ogic exammation, and in showing that certain ' 
others, such as nickel and cobalt, which are 
characteristic of some silver deposits, are prob- . 
ably absent. For comparison the analysis by , 
Hillebrand published in Spurr*s report * is 
included. 

Analyte* of Tonopak ores, concentrates, bullion, etc. 



1 

1 


2 


3 


4 


5 


SiOj 


72.00 

.42 

3.10 

2.95 


15.18 

"a 76' 

1.49 


'6.' 42' 

.80 


5.50 

2.00 

.10 

Trace. 

3.60 




AUG, 




CbO 




MkO 




CaCOj 




C*0, 




6.34 






NaCl and KCl 






1.00 
.26 




FeS04 


! 






Fe 


2.10 
1.60 
1.09 

None. 
1.50 
3.00 

Xono. 

Trare. 
. 10 

None. 

2. 60 

.20 

Trace. 

.m 

4.88 
M. 40 


9.87 
1.36 
1.32 


29.80 

1.10 

.60 


*••••• 


Mn 






Cu 


2. 10 


1.02 


Niand('o 




Pb 

Zn 

Cd 


6.21 
5.84 


1.30 
.60 


2.36 
4.70 
1.00 


2.41 
.06 


Afl 


.19 
.92 






Sb 








Bi 








S 


Not det 

2. 56 

None. 

.82 
25. 92 


31.60 


i.46 


. 17 


Se 


1. 80 


Te 




All 


} 1.60 

1.58 
30. 60 


74.23 
<il.75 




Ae 


93. 23 


• •^. ....... ........ 

Undetermined 

loBoluble 


H.Si 














100.00 


81.72 


100.00 


100.00 


100.00 



« By difference, mainly Na, K, and combined HjO, 

* By difference. 

c Jones, A. H. (miporintendent of mills. Tonopah Belmoat Develop, 
ment Co.), The Tonopah plant of the Belmont Milling Co.: Am. Inst. 
Min. En*. Trans., vol. 52, pp. 1731-1738, 1916. 

d flpiirr, J. E., OeolojE^y of the Tonopah mining district, Nev.: U. S. 
Geol. Survey Pr©f. Paper 42, p. 89, 1905. 



1. AiuLl>'9ifl by A. H. Jones of piece of rich silver ore 
from Belmont mine: exact location in mine unknown. 

2. Anal\'8iB bv W. F. Hillebrand. in the laboratorv of 

• • • 

the United States Geological Survey, of sulphides sepa- 
rated by crushing and panning from sample of rich sulphide 
ore from Montana vein at depths of 460 to 512 feet in Mon- 
tana Tonopah mine. 

3. Partial anal>'Bis by \. H. Jones of concentimtes from 
Belmont mill. 

4. Anal>'sis by A. H. Jones of zinc box precipitate. Bel- 
mont mill. 

5. AnalN-His by A. H. Jones of bullion. Belmont mill. 

The cadmium sho\ra iii analysis 4 very possi- 
bly represents a concentration of cadmium 
occurring as an impurity in the zinc usetl for 
precipitation. It is noteworthy that the ratio 
of gold to selenium is very nearly the same in 
both analvses 1 and 2. 

IDENTIFICATION OF METALUC MINERALS IN 

POUSHED SECTIONS. 

Some of the methods of identification of min- 
erals in polished section that were used in these 
studies may include a few new points of pos- 
sible service to other students of ore deposits. 

Whenever possible small fragments of the 
mineral to be identified were chipped from the 
edges of the polished specimen with a stout 
needle or very sharp steel prod and tested 
before the blowpipe or in a wet way. 

Needles of several sizes mounted in the ends 
of wooden penholders were foimd very useful 
as prods for testing the hardness, streak, sec- 
tility, etc., of minerals. 

Most reagents for tarnishing the minerals can 
be conveniently applied on a strip of blotting 
paper about half an inch wide and 3 inches long. 
One end of this strip is moistened with the 
reagent and is rubbed lightly back and forth 
over the polished surface of the mineral, the 
progress of the tarnishing being watched under 
the low or moderate powers of the microscope 
and checked at the desired stage by simply rub- 
bing with the dry end of the blotting paper. 

Reactions aiding in the identification of cer- 
tain minerals are the following: 

The bright silvery luster of galena in pol- 
ished sections, its lead-gray streak, and the 
development of triangular pits due to the tear- 
ing out of inverted pyramids of galena between 
the three sets of cleavage planes during polish- 
ing (see, for example, PL VII, B) have usually 
been considered sufficient to identify it. The 
writers discovered, however, that another min- 
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era], probably a lead-silver sulpliide. also pos- , 
sesses these characteristics. It was found that , 
the twocould be differentiated by treatment with 
ordinary commercial hydrogen peroxide (HjOj). 
This reagent tarnishes galena brown but does not 
affect the supposed lead -silver sulphide or any of 
the other silver minerals with which galena is 
commonly associated. It is therefore a reagent 
of great utility in studying the relations between 
galena and associated silver minerals. The tar- 
nish it produces on galena appears slowly, can be 
quickly checked, and can be easily removed by 
a, little polishing with rouge on a bit of cotton. 

The polished surfaces of argentite usually ap- 
pear shghtly "rougher" under the microscope 
than most of the other sulphides with which it _ 
is associated except pyrite; tliis feature is well 1 
shown in Plate III, B. Pricking with a fine 
needle reveals its soft sectile cliaracter. It is 
unaffected by hydrogen peroxide and silver ni- 
trate but is rapidly tarnished brown by satu- 
rated mercuric chloride solution, ' 

Polybasite is brittle and gives a black streak. 
Its polished surfaces are unaffected by hydro- : 
gea peroxide but are tarnished reddish brown 
by silver nitrate solution and rapidly tarnished 
brown by saturated mercuric chloride solution. 

Pyrai^yrite is brittle and gives a red streak. 
It is unaffected by hydrogen peroxide but is 
tarnished brown by silver nitrate solution, 
though much more slowly than polybasite. 
Short treatment with saturated mercuric chlo- 
ride solution tarnishes it pale brownish yellow; 
polybasite by the same treatment is tarnished 
a pronounced brown. The polybasite shown in > 
Plate IV, B, has been differentiated from the j 
pyrai^yrite which incloses it by such treatment. 
Before treatment the two minerals were hardly ; 
distinguishable from each other. ' 

Silver nitrate is a useful reagent for tarnish- , 
ing chalcopyrite, which becomes reddish yellow, 
then deep amber, and finally madder-red; ar- ' 
gentite, galena, and sphalerite arc unaffected by , 
the same treatment, 

SUMMARY OF MORE IMPORTANT CONCLUSIONS, j 

1. The hypogene or primary ores liave been 
modified in places by oxidation and enrich- 
ment through the agency of the air and 
oxygenated solutions originating at or near 
the surface. The high silver content of much 



of the ore obtained in the past 
ore now remaining is unquestion 
part to these processes. 

2. There is evidence not onl 
oxidation of the ores but also of 
period of ancient oxidation, an 
sulpliide enrichment was probabl 
paniment of each of those periods, 

3. The rich silver ores now bei 
Tonopah are probably in the main 
or primary origin. 

4. Muiing has shown that in ( 
the primary sulphides become le 
with increasing depth, though the 
are present; mere increase in depth 
for this change in some veins, ft 
must finally end in depth as weU as 
many veins change in wall rock 
least a contributing factor. The 
oped by ot her deep workings are h( 
alized and of high grade, and the 
dence is favorable to the persist- 
primary silver ores to depths 
greater than those yet attained ii 
operations. 

Although hot ascending waters 
tered in a number of the deepi 
there is little evidence that thesi 
now depositing ores, 
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